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FOREWORD 


Laboratory  Simulation  was  the  central  theme  of  the  23rd  Shock 
and  Vibration  Symposium.  The  same  general  subject  was  discussed 
during  the  11th  Symposium  in  October  1948.  In  this  interval  of  time 
considerable  progress  has  been  made  technologically;  and,  the  number 
of  engineers  and  scientists  who  now  take  an  active  part  in  these  meet¬ 
ings  has  grown  significantly.  The  largest  attendance  in  the  entire 
series  of  symposia  was  recorded  at  the  last  gathering,  and  the  volume 
of  papers  included  in  this  Bulletin  and  in  the  separate  unclassified 
mathematical  Supplement  represents  the  heaviest  symposium  publica¬ 
tion  we  have  ever  issued.  The  content  of  these  papers  has  also  ad¬ 
vanced  in  quality.  Yet  one  wonders  whether  the  23rd  Symposium 
provided  a  better  and  more  effective  interchange  of  needed  information 
than  was  had  six  years  ago . 

Many  of  your  comments  and  suggestions  which  have  come  in  since 
the  23rd  Symposium  indicate  that  the  technical  worker  did  benefit  from 
these  meetings  to  a  significant  extent.  Perhaps  the  importance  and 
timeliness  of  the  subjects  discussed  helped  to  increase  the  attendance 
of  those  who  were  searching  for  immediate  knowledge  of  the  field  con¬ 
ditions  in  which  their  gear  must  operate.  No  doubt  some  were  disap¬ 
pointed  because,  in  several  instances,  there  was  not  enough  time  for 
discussion  and  questions  following  each  paper.  These  are  some  of  the 
difficulties  which  beset  the  effort  to  disseminate  technical  information 
among  a  huge  gathering.  However,  the  editors  believe  that  this  large 
Bulletin  and  Supplement  which  contain  all  of  the  proceedings  of  the  five 
sessions  and  which  have  been  assembled  in  record  time,  will  provide 
the  reader  promptly  with  much  of  the  information  he  is  seeking. 

In  the  study  of  simulation  it  is  of  great  importance  to  keep  in  mind 
just  what  field  conditions  a  laboratory  machine  is  expected  to  reproduce. 
Are  we  recreating  the  cause,  the  effect,  or  the  damaging  potential  of 
shock  and  vibration?  Another  problem  that  is  facing  the  shock  and 
vibration  engineer  today  is  that  of  random  vibration  environment  and  its 
simulation  in  the  laboratory.  Should  it  be  shown  that  random  vibration 
is  essential  for  adequate  testing,  a  large  and  extremely  expensive  pro¬ 
gram  of  re-equipment  will  be  necessary.  However,  if  a  satisfactory 
correlation  can  be  shown  to  exist  between  the  results  of  available  sinu¬ 
soidal  test  equipment  and  the  statistical  nature  of  random  vibration,  a 
tremendous  potential  saving  to  the  defense  effort  will  have  been  achiev¬ 
ed.  This  subject  is  dealt  with  in  a  number  of  papers  in  the  23rd 
Bulletin,  but  a  great  deal  of  information  and  much  more  data  are 
necessary  before  a  decision  can  be  reached. 


Any  comments  or  requests  pertaining  to  this 
Bulletin  should  be  addressed  to:  Naval  Research 
Laboratory,  Code  5104,  Washington  25,  D.  C. 
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WELCOMING  ADDRESS 


RADM  Rawson  Bennett,  USN,  Chief  of  Naval  Research,  ONR 


It  is  a  distinct  pleasure  for  me  to  welcome  this  group  of  scientists  and 
engineers  to  the  23rd  Shock  and  Vibration  Symposium.  I  am  privileged  to 
extend  this  welcome  on  behalf  of  your  host,  the  Navy,  and  on  behalf  of  the 
sponsor  of  these  meetings,  the  Department  of  Defense.  Since  their  beginning 
in  1947,  these  symposia  have  grown  in  size  and  in  their  importance  to  the 
national  defense.  The  Navy  is  proud  to  have  had  a  hand  in  the  progress  which 
has  been  made  in  this  field. 

These  meetings  are  held  to  discuss  ways  and  means  toward  effective 
protection  of  military  equipments  in  service.  As  the  complexity  and  cost  of 
weapons  increase,  reliable  performance  becomes  of  vital  importance  and 
every  factor  which  limits  reliability  in  the  field  must  be  examined  and  cor¬ 
rected.  The  destructive  forces  of  shock  and  vibration  are  a  serious  problem; 
and,  it  is  to  this  group  that  the  various  organizations  in  the  Department  of 
Defense  look  to  devise  and  develop  effective  countermeasures.  This  respon¬ 
sibility  falls  upon  your  shoulders,  and  it  is  my  earnest  hope  and  wish  that  you 
succeed  in  your  undertaking. 

We  hear  much  talk  today  about  the  shortage  of  scientific  manpower.  It 
is  said  there  are  not  enough  engineers  and  physicists  to  attack  the  technical 
problems  involved  in  national  defense  and  civilian  production.  Moreover,  the 
pace  of  technology  is  such  that  it  is  difficult  for  any  group  or  individual  worker 
to  keep  up  with  new  developments  in  any  particular  field.  That  is  why  the 
government  organizes  these  meetings;  where  recent  advances  in  many  areas 
of  interest  are  made  available  to  the  defense  technologist  and  current  ideas 
are  exchanged.  In  this  way  much  unnecessary  duplication  of  effort  is  avoided. 

I  believe  it  also  is  imperative  in  such  a  large  and  diversified  group  to 
promote  a  measure  of  education  and  training.  The  Department  of  Defense 
has  a  great  stake  in  the  availability  of  trained  manpower,  especially  in  a  field 
like  shock  and  vibration  where  engineering  schools  have  only  recently  begun 
to  include  these  subjects  in  their  curricula.  It  is  necessary  for  the  better 
understanding  of  military  needs  and  for  the  professional  development  of  young 
engineers  to  introduce  and  elaborate  here  certain  phases  of  this  subject. 

To  sum  up,  the  purpose  of  these  meetings  is  the  fruitful  exchange  of  ideas 
and  techniques  to  help  you  all  to  keep  abreast  in  your  military  projects  with 
the  latest  developments  in  the  field.  Because  of  the  complexity  of  the  prob¬ 
lems  which  you  face,  some  training  and  indoctrination  of  the  young  engineer 
has  become  necessary.  We  rely  upon  activities  such  as  these  to  strengthen 
our  country  and  maintain  a  high  degree  of  readiness  for  any  emergency. 


I  wish  you  every  success. 


OPENING  REMARKS 


Dr.  C.  C.  Furnas 

Assistant  Secretary  (Research  and  Development) 
Department  of  Defense 


PHILOSOPHY  OF  SIMULATION 


I  am  very  glad  to  have  this  opportunity  of  addressing  the  opening  session 
of  the  23rd  Shock  and  Vibration  Symposium. 

These  meetings  which  bring  together  research  and  development  people 
from  government  laboratories,  industry,  and  the  universities,  serve  a  really 
useful  purpose  in  the  dissemination  of  information  leading  to  the  improvement 
of  military  equipment  in  service. 


The  central  theme  of  this  Symposium,  Laboratory  Simulation,  is  a  subject 
with  certain  aspects  of  which  it  has  been  my  good  fortune  to  be  associated  in 
the  past.  Before  you  plunge  into  technical  details  I  would  like  to  say  a  few 
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words  on  the  philosophy  of  simulation  and  on  the  importance  of  simulation 
testing  to  the  defense  program. 

First  of  all,  what  is  laboratory  simulation?  Whenever  you  build  amockup 
in  the  laboratory  to  recreate,  imitate,  or  reproduce  conditions  outside  the 
laboratory  you  are  simulating  something.  Essentially  you  are  making  believe 
that  a  real  situation  is  in  front  of  you  which  requires  study.  With  this  mockup 
you  are  attempting  to  approach  reality  as  closely  as  possible  so  as  to  help  » 
you  understand  the  actual  problem.  In  simulating  the  shock  and  vibration 
experienced  by  an  equipment  or  structure  in  the  field,  you  are  seeking  to 
reproduce  in  the  laboratory  the  damaging  forces  as  they  affect  the  proper 
functioning  of  the  equipment. 

Now  why  is  laboratory  simulation  necessary?  Why  cannot  the  shock  and 
vibration  effects  upon  the  mobile  equipment  be  studied  and  neutralized  in  the 
field  where  the  environmental  conditions  exist  ?  The  answers  to  these  ques¬ 
tions  are  manifold.  Sometimes  full-scale  tests  are  not  possible;  very  often 
they  are  too  costly  in  money  and  in  time,  but  a  major  drawback  is  that  these 
tests  produce  such  complex  results  that  few  can  interpret  them  usefully. 
Because  a  complete  understanding  of  the  response  of  a  structure  to  shock 
and  vibration  in  the  field  is  still  lacking,  it  is  necessary  to  make  intelligent 
guesses  and  to  attempt  to  distinguish  the  primary  causes  of  damage  from 
the  mass  of  complex  information  available.  These  compromises  and  first 
approaches  to  solutions  can  best  be  made  under  controlled  conditions  in  the 
laboratory;  and,  in  the  laboratory  we  find  a  wide  variety  of  machines  which 
have  been  devised  to  torture  the  equipment  so  as  to  reproduce  part,  if  not  all, 
of  the  environmental  conditions  of  the  field. 

I  would  like  to  illustrate  this  need  for  laboratory  simulation  with  two 
examples.  The  first  example  is  from  an  actual  project  with  which  I  was 
associated.  Sometime  ago  a  number  of  studies  were  undertaken  to  prevent 
injuries  to  pilots  in  airplane  crashes.  A  particular  investigation  dealt  with 
the  problem  of  how  heavy  a  bump  a  pilot's  head  could  tolerate  and  what  could 
be  done  about  protection. 

The  most  realistic  test  would  have  been  to  bump  a  human  skull  against 
the  instrument  panel  or  bulkhead  as  in  a  crash  landing.  Another  method,  and 
one  which  was  actually  tried  in  a  few  cases,  subjected  a  human  head  to  blows 
from  a  10-lb  pendulum  bob.  Successively  greater  heights  were  used  until  the 
subject  yelled  "Enough"!  Such  methods  cause  headaches  andrepresent  a  lack 
of  scientific  objectivity. 

Therefore  the  investigation  was  conducted  in  the  laboratory  on  simulated 
heads  made  of  various  materials,  and  the  results  were  much  more  definite. 

On  these  heads  the  impact  necessary  to  crack  the  skull  was  quite  reproducible' 
for  each  material,  and  the  helmet  design  evolved  from  this  work  proved  effec¬ 
tive  on  live  heads.  The  results  of  these  experiments  showed  the  upper  limits 
of  acceleration  which  the  human  head  can  tolerate. 

My  second  example  is  taken  from  an  address  given  by  Werner  Von  Braun 
before  a  meeting  of  the  14th  Shock  and  Vibration  Symposium  in  1949.  He 
related  that  during  the  development  of  the  V2  rocket,  at  the  time  when  the 
first  service  and  troop  training  firings  were  conducted,  it  was  found  that  a 
considerable  percentage  of  the  missiles  disintegrated  shortly  before  impact 
at  an  altitude  of  about  one  mile.  After  uncounted  misinterpretations,  some 
wind  tunnel  and  other  laboratory  tests  finally  showed  the  cause  of  the  trouble 
to  be  the  fluttering  of  several  skin  panels,  about  one-third  of  the  length  from 
the  tip.  Thus  it  cost  about  70  V2  in-flight  trials  to  trace  down  this  one  source 
of  trouble!  A  few  simple  laboratory  tests  would  have  avoided  these  terrific 
losses. 
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I  could  cite  a  wide  variety  of  other  examples  to  illustrate  the  value  of 
laboratory  simulation— some  you  will  discuss  during  this  Symposium.  They 
will  all  demonstrate  the  ability  of  simulation  testing  to  provide  design  infor¬ 
mation  far  more  readily  than  it  can  be  obtained  from  full-scale  testing  in  the 
field. 

The  importance  of  simulation  testing  to  the  defense  program  stems 
o  directly  from  its  economic  and  technical  advantages  over  the  full-scale  test. 
The  success  of  modern  warfare  depends  largely  on  vehicle  movement  and 
vehicle  speed,  but  as  the  speed  increases  the  equipment  carried  is  subjected 
to  an  increasingly  severe  shock  and  vibration  environment.  This  in  turn 
requires  increasingly  complex  corrective  measures  to  prevent  malfunction. 
Today  as  never  before  trouble-free  equipment  is  essential,  and  the  perform¬ 
ance  and  complete  reliability  of  any  system,  man  or  machine,  can  be  vital  to 
the  outcome  of  an  engagement. 

It  is  the  designer's  job  to  ensure  the  reliability  of  his  equipment.  Clearly 
he  should  know  and  understand  the  environmental  conditions  under  which  the 
gear  he  designs  has  to  operate.  Yet  as  we  have  seen,  not  only  is  the  collection 
of  such  data  difficult,  but  its  interpretation  is  often  impossible.  Therefore, 
instead  of  beginning  with  the  complex  environmental  conditions  and  working 
toward  the  simple  in  order  to  deduce  the  answers,  we  turn  to  laboratory 
simulation,  and  starting  from  the  controlled,  simple,  and  well  understood,  we 
build  upwards  from  a  firm  foundation  to  the  solution  of  our  complex  problems. 

Someone  has  said,  "Men  often  applaud  an  imitation  and  hiss  the  real 
thing."  In  environmental  field  conditions  reality  seems  too  complex  for  us  to 
appreciate  fully.  Therefore,  we  not  only  applaud  a  good,  simple  imitation,  we 
strive  to  achieve  a  meaningful  make-believe. 
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CONCEPTS  AND  TRENDS  IN  SIMULATION 


Charles  E.  Crede,  Barry  Controls,  Inc. 


Vibration  testing  procedures  have  underdone  a  pronounced  evolution  in 
recent  years.  This  paper  presents  a  review  of  vibration  testing  proce¬ 
dures  leading  to  the  present  concept  of  the  continuous  spectrum  or 
random  excitation.  Means  used  to  define  the  vibration  existing  in  an 
environment  are  discussed,  and  there  is  a  comparison  of  scanning  at 
discrete  frequencies  versus  testing  with  random  excitation. 


The  definition  of  simulate  given  by  Webster 
is  "to  assume  the  mere  appearance  of,  without 
the  reality."  When  we  speak  of  simulating  an 
environment,  we  are  not  necessarily  speaking 
of  the  creation  of  a  condition  having  the  same 
appearance  as  the  environment.  The  principal 
purpose  of  the  simulation  is  to  establish  a  test 
adapted  to  reject  equipment  which  is  not  quali¬ 
fied  and  to  accept  equipment  which  is  qualified. 
When  the  environment  being  simulated  is  char¬ 
acterized  by  vibration  conditions,  the  equipment 
under  test  is  attached  to  a  vibration  testing 
machine  whose  motion  is  related  to  that  of  the 
airframe  or  other  structure  commonly  used  to 
support  the  equipment.  Hopefully,  the  vibration 
test  causes  damage  to  unqualified  equipment 
which  is  similar  to  that  experienced  in  service, 
and  appropriate  design  changes  are  made. 

Vibration  testing  procedures  used  to  qualify 
equipment  for  airborne  service  have  undergone 
a  pronounced  evolution  in  a  relatively  short 
interval  of  time.  Not  many  years  ago,  the  con¬ 
ventional  vibration  test  embodied  a  frequency 
range  from  10  to  55  cps.  One  may  suspect  that 
the  establishment  of  this  frequency  range  was 
an  expedient  to  make  use  of  existing  vibration 
testing  machines.  The  testing  machines  which 
were  used  in  that  era  were  principally  mechan¬ 
ical  in  nature.  One  of  the  more  common  types 
was  a  positive -drive  machine  driven  by  a  crank 
and  connecting  rod  or  by  a  scotch  yoke,  whereas 
the  other  principal  type  embodied  a  flexibly 
supported  table  carrying  an  unbalanced  flywheel. 


This  era  of  low-frequency  tests  ended  rather 
abruptly  when  a  data  collection  project  revealed 
the  existence  of  vibration  embodying  substan¬ 
tially  higher  frequencies.  These  frequencies 
and  their  associated  amplitudes  were  plotted 
relative  to  amplitude -frequency  coordinate  axes, 
and  an  envelope  was  constructed  around  the 
plotted  points.  A  vibration  test  specification 
conforming  substantially  to  this  envelope  has 
become  well  established.  This  does  not  simu¬ 
late  any  particular  environment,  but  rather 
specifies  a  vibration  condition  which  may  be 
considered  equal  to  the  most  severe  condition 
reasonably  expected  to  be  encountered  in  service. 

With  the  adoption  of  testing  specifications 
requiring  vibration  tests  at  high  frequency,  the 
usefulness  of  the  mechanical  vibration  machines 
began  to  decline.  They  are  being  supplemented 
by  electrodynamic  machines.  Such  a  machine  is 
essentially  a  large  loud  speaker  having  a  dc 
Held  and  an  armature  energized  by  alternating 
current  whose  frequency  can  be  varied  in  con¬ 
formance  with  the  frequency  of  the  desired 
vibration.  The  power  source  for  the  armature 
may  be  either  an  audio  oscillator  in  combina¬ 
tion  with  a  large  power  amplifier  or  a  bank  of 
generators  which  may  be  driven  at  variable 
speeds.  To  date,  the  latter  type  of  power  source 
has  seen  substantially  greater  use.  As  the 
weight  of  the  equipment  to  be  tested  arid  the 
required  acceleration  amplitude  continue  to 
increase,  the  armature  becomes  increasingly 
heavy  and  the  force  used  in  driving  it  increases. 
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With  this  vicious  circle,  the  size  and  cost  of 
testing  machines  tend  to  increase  rapidly  rela¬ 
tive  to  the  magnitude  of  useful  testing  force 
derived  therefrom. 

Considerable  thought  has  been  given  to  the 
rational  specification  of  vibration  tests,  starting 
with  the  plot  of  amplitude  versus  frequency 
mentioned  previously.  Evidence  indicates  that 
damage  occurs  during  a  vibration  test  primarily 
as  a  result  of  a  resonant  condition.  This  sug¬ 
gests  that  the  laboratory  test  embody  the  same 
frequencies  that  exist  in  the  environment  being 
simulated.  A  principal  question  then  concerns 
the  designation  of  an  appropriate  amplitude  and 
duration  of  the  test.  Assuming  that  an  amplitude 
which  is  representative  of  service  conditions 
can  be  established,  there  is  reason  to  suggest 
that  the  vibration  test  is  completely  valid  only 
if  it  continues  for  a  period  equal  to  the  flight 
life  of  the  aircraft. 

Insofar  as  piloted  aircraft  are  concerned,  such 
a  requirement  is  completely  impractical.  A 
maior  problem  then  exists  in  determining  how 
to  decrease  the  duration  of  the  vibration  test. 
If  the  shorter  test  time  is  to  be  compensated 
for  by  an  exaggerated  or  increased  test  ampli¬ 
tude,  it  is  difficult  to  determine  the  law  which 
governs  the  required  degree  of  amplitude 
increase.  Considering  only  structural  failure, 
use  may  be  made  of  the  conventional  stress 
versus  cycles -to -failure  relation  developed 
during  fatigue  or  endurance  tests  of  metals.  It 
is  necessary  to  take  care  in  selecting  the  degree 
of  increase,  however,  to  avoid  nonlinearity  of 
the  structure  under  test.  Furthermore,  it  is  not 
known  whether  damage  to  and  maloperation  of 
equipment  and  its  components,  such  as  vacuum 
tubes  and  relays,  are  covered  by  the  same  laws 
as  fatigue  of  structural  material. 

In  establishing  vibration  testing  programs, 
cognizance  should  be  taken  of  the  significantly 
different  requirements  of  piloted  aircraft  and 
guided  missiles.  One  important  distinction  is 
the  duration  of  flight.  The  expected  flight  time 
of  a  piloted  aircraft  is  invariably  much  greater 
than  any  reasonable  test  period;  on  the  other 
hand,  the  flight  time  of  most  guided  missiles 
is  relatively  short.  It  is  quite  reasonable,  there¬ 
fore,  to  conduct  a  vibration  test  for  at  least  the 
duration  of  the  flight  period  of  missiles. 

As  a  consequence,  the  exaggeration  factor 
which  may  be  used  in  establishing  the  vibration 
amplitude  for  vibration  tests  of  aircraft  equip¬ 
ment  can  be  minimized  or  eliminated  for  tests 
of  missile  equipment.  There  is  a  compensating 
influence,  however,  in  the  relative  degree  of 
reliability  required.  A  guided  missile  is  beyond 


the  direct  control  of  man  during  its  flight  time, 
and  there  is  need  for  the  maximum  attainable 
reliability.  Consequently,  there  would  seem  to 
be  a  need  for  a  greater  safety  factor  in  both  the 
design  and  testing  of  missile-borne  equipment. 
Circumstances  thus  seem  to  call  for  vibration 
tests  of  greater-than-normal  severity  in  any 
case,  to  compensate  for  the  expected  longflight- 
life  of  aircraft  and  to  attain  maximum  reliability 
of  missiles. 

The  primary  record  in  the  measurement  of 
an  environment  is  a  trace  of  acceleration, 
velocity,  or  displacement  as  a  function  of  time. 
If  all  of  the  vibration  occurs  at  specific  and 
defined  frequencies,  the  spectrum  of  vibration 
is  designated  a  discrete  spectrum.  On  the  other 
hand,  the  spectrum  is  designated  a  continuous 
spectrum  if  the  vibration  is  distributed  over  a 
broad  band  of  frequencies.  If  the  spectrum  is 
discrete,  the  amplitudes  and  frequencies  may 
be  obtained  by  inspection  of  oscillograms,  or 
by  use  of  a  mechanical  or  electrical  analyzer. 
In  many  instances,  it  is  not  possible  to  obtain  a 
completely  definitive  plot  of  amplitude  versus 
frequency,  even  though  the  spectrum  is  dis¬ 
crete,  because  the  amplitude  at  any  given  fre¬ 
quency  may  have  a  different  value  at  each  cycle 
of  vibration.  If  the  spectrum  is  partially  or 
entirely  continuous,  the  possibility  of  defining 
the  environment  in  terms  of  amplitude  and  fre¬ 
quency  becomes  much  more  remote. 

It  has  been  suggested  that  possibly  the  only 
valid  simulation  of  an  environment  is  one  which 
reproduces  explicitly  the  time  history  of  the 
actual  environment.  Theoretically,  this  can  be 
accomplished  readily.  It  is  done  by  recording 
the  time  history  of  acceleration  on  a  magnetic 
tape  and  playing  the  signal  back  through  an 
amplifier  to  the  conventional  electrodynamic 
vibration  testing  machine.  Successful  repro¬ 
duction  of  the  signal  requires  an  amplifier 
whose  response  is  flat  over  a  very  wide  fre¬ 
quency  band.  Furthermore,  the  mechanical 
impedance  of  the  load  is  a  function  of  frequency 
and  varies  as  the  signal  changes  in  frequency 
content. 

As  a  consequence,  the  amplifier  requires  an 
additional  degree  of  intelligence  to  compensate 
for  this  change  in  mechanical  impedance.  This 
intelligence  has  been  provided  in  some  instances 
by  using  a  compensating  network.  The  network 
is  synthesized  by  first  subjecting  the  equipment 
being  tested  to  a  scanning  test  in  which  the 
frequency  is  varied  between  lower  and  upper 
limits.  The  resulting  amplitude  of  the  testing 
machine  maybe  interpreted  in  terms  of  mechan¬ 
ical  impedance.  The  network  which  is  synthe¬ 
sized  on  the  basis  of  the  measured  impedance 
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is  used  with  the  amplifier  to  bring  about  neces¬ 
sary  changes  in  amplification  level. 

There  appears  to  be  a  valid  reason  to  question 
the  usefulness  of  this  reproduction  technique. 
It  is  possible  to  obtain  a  record  of  vibration 
experienced  during  flight  only  after  the  aircraft 
or  missile  has  been  built,  flown,  and  instru¬ 
mented.  By  that  time,  much  of  the  equipment 
intended  for  use  therein  has  been  built,  or  at 
least  the  design  has  been  crystalized  to  the 
extent  that  a  quick  change  is  not  feasible.  In 
view  of  the  rapid  technological  obsolescence  of 
modern  weapons,  it  seems  possible  that  the 
aircraft  or  missile  would  become  obsolete 
before  the  effect  of  the  reproduced  environment 
is  felt  in  equipment  design.  For  this  reason,  it 
may  be  more  appropriate  to  generalize  than  to 
reproduce  an  environment. 

Effective  generalization  of  an  environment  is 
impeded  by  a  lack  of  understanding  of  its  nature. 
A  typical  time  history  of  acceleration  as  meas¬ 
ured  in  a  guided  missile  is  shown  in  Figure  1. 
It  is  evident  from  inspection  that  this  record 
includes  many  frequencies,  but  neither  the 
amplitude  of  any  frequency  component  nor  the 
amplitude  of  the  composite  trace  is  obvious. 


By  plotting  power  as  a  function  of  the  center 
frequency  of  the  bandpass  filter,  the  power 
spectrum  is  obtained.  The  power  spectrum  does 
not  define  exactly  the  severity  of  the  envii’on- 
ment,  because  the  power  as  obtained  in  this 
manner  is  a  function  of  the  filter  character¬ 
istics.  To  circumvent  these  uncertainties,  the 
concept  of  power  density  has  been  introduced. 
Power  density  is  defined  as  the  power  passed 
by  an  ideal  filter  having  a  passband  width  of 
one  cycle  per  second;  it  is  obtained  by  dividing 
the  power  by  the  bandwidth  of  the  filter  in  cycles 
per  second.  The  resultant  quantity  is  desig¬ 
nated  the  power  spectral  density,  and  the  unit 
commonly  used  is  g2/cps. 

An  example  of  a  curve  of  power  spectral 
density  derived  from  measurements  in  a  mis¬ 
sile  is  given  in  Figure  3.  This  plot  provides 
information  on  the  relative  level  of  vibration 
throughout  the  frequency  spectrum,  but  does 
not  include  information  on  acceleration  ampli¬ 
tudes.  A  full  description  of  the  environment 
would  include  information  on  the  distribution  of 
acceleration  amplitudes  in  the  filtered  trace 
represented  in  Figure  2,  for  each  frequency 
setting  of  the  filter. 


Figure  1  -  Oscillogra.m  of  vibration  in  guided  missile 


If  the  record  shown  in  Figure  1  is  filtered  by 
an  ideal  bandpass  filter  having  a  narrow  pass- 
band  width,  the  signal  passed  at  any  arbitrarily 
chosen  frequency  setting  of  the  filter  may  have 
the  appearance  of  Figure  2.  The  amplitude  of 
this  filtered  trace  varies  with  time.  Its  rms 
acceleration  xm  over  the  time  interval  from 
t  =  o  to  t  =  T  may  be  computed  with  the  equation 
set  forth  above  the  trace.  In  an  electric  circuit, 
power  is  proportional  to  the  square  of  the  rms 
current.  By  analogy  with  this  electrical  circuit, 
the  square  of  the  rms  acceleration  obtained 
from  Figure  2  has  been  designated  the  power  of 
the  vibration  environment  where  the  time 
interval  from  t  =  o  to  t  =  T  is  sufficiently  lone 
to  obtain  a  representative  sample  of  the  record. 


Generalization  of  the  environment,  as  by 
specifying  power  spectral  density,  requires  that 
the  nature  of  equipment  failure  be  understood. 
If  an  environment  is  reproduced  explicitly,  it 
may  suffice  to  determine  only  that  failure  of  the 
equipment  occurred  or  did  not  occur. 

On  the  other  hand,  if  an  environment  is 
simulated  only  generally,  it  is  essential  to 
define  the  environment  in  terms  of  parameters 
which  are  related  to  the  potential  to  cause 
damage.  The  simulated  environment  must  then 
reproduce  these  parameters.  The  widespread 
testing  of  military  equipment  is  responsible 
for  a  great  accumulation  of  vibration  test 
results.  Unfortunately,  for  present  purposes  at 
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least,  the  preponderance  of  these  tests  have  been 
conducted  to  determine  conformance  with 
established  specifications.  The  test  results 
are  of  a  "go-no  go"  type,  and  little  information 
has  become  available  on  the  relation  of  damage 
to  test  conditions. 


spectral  density  of  the  simulated  equip¬ 
ment  y  illustrated  in  Figure  4.  The 
parameter  which  relates  the  power  spec¬ 
tral  densities  is  the  square  of  the  trans- 
missibility  ratio  encountered  in  conven¬ 
tional  vibration  analysis. 


In  the  absence  of  tangible  data  defining  the 
mechanism  of  equipment  failure,  an  hypothesis 
may  be  assumed.  This  hypothesis  visualizes 
the  equipment  as  consisting  of  a  complex  array 
of  structures  having  various  properties  and 
modes  of  failure. 


For  purposes  of  analysis,  each  structure  is 
considered  to  be  a  damped  single-degree-of- 
freedom  system  as  illustrated  in  Figure  4.  The 
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Figure  4  -  Element  of  simulated  equipment 


diversity  of  structures  comprising  an  equip¬ 
ment  is  simulated  by  considering  the  natural 
frequency  of  the  above’  system  to  vary  between 
wide  limits.  The  likelihood  of  damage  to  the 
equipment  is  assumed  to  be  directly  propor¬ 
tional  to  the  maximum  stress  in  the  spring  of 
the  system.  This  hypothesis  is  used  to  investi¬ 
gate  the  appropriateness  of  a  testing  procedure. 


The  simulation  of  an  environment  defined  by 
a  continuous  spectrum  can  now  be  discussed 
with  reference  tp  Figure  4.  From  either  the 
measured  or  the  assumed  environment,  the 
power  spectral  density  which  describes  the 
vibration  of  the  airframe  is  defined.  The 
maximum  acceleration,  or  the  distribution  of 
the  acceleration  amplitudes,  is  not  defined. 
The  recent  technical  literature  includes  much 
discussion  on  the  response  of  a  damped,  single- 
degree-of-freedom  system  to  this  environment, 
and  it  is  possible  to  postulate  physical  laws 
from  which  information  on  the  stress  in  the 
spring  *  may  be  computed: 

1.  A  definite  relation  exists  between  the 
power  spectral  density  of  the  airframe 
structural  vibration  x  and  the  power 


2.  The  response  of  the  simulated  equipment 
is  characterized  by  a  tendency  toward  a 
normal  or  Gaussian  distribution  of  instan¬ 
taneous  acceleration  values.  This  tend¬ 
ency  presumably  exists  independent  of 
the  distribution  of  acceleration  amplitudes 
in  the  vibration  of  the  airframe,  partic¬ 
ularly  if  the  damping  of  the  simulated 
equipment  is  small. 

When  the  distribution  of  instantaneous  values 
of  acceleration  is  normal,  the  distribution  of 
peak  values  of  acceleration  is  described  by 
Figure  5  wherein  the  ordinate  is  the  probability 
of  exceeding  (or  the  probability  of  not  exceed¬ 
ing)  a  peak  value  of  acceleration,  and  the 


Figure  5  -  Distribution  of  peak  accel¬ 
eration  corresponding  to  normal  dis¬ 
tribution  of  instantaneous  acceleration 


abscissa  is  the  ratio  of  peak  acceleration  to 
rms  acceleration.  The  distribution  curve  in 
Figure  5  shows  that  61  percent  of  the  peak 
values  of  acceleration  exceed  the  rms  accel¬ 
eration  and  14  percent  exceed  two  times  the 
rms  acceleration.  It  may  be  calculated  that  one 
peak  in  268,000  exceeds  five  times  the  rms 
acceleration,  and  one  in  5  x  1021  exceeds  ten 
times  the  rms  acceleration.  Even  though  the 
value  of  the  rms  acceleration  is  of  limited 
significance  in  mechanical  design  of  struc¬ 
tures,  this  distribution  suggests  certain  limits, 
expressed  as  multiples  of  the  rms  acceleration, 
beyond  which  an  acceleration  peak  is  improbable 
statistically. 
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Before  proceeding  further  with  this  discus¬ 
sion,  we  should  remind  ourselves  that  we  are 
not  attempting  to  reproduce  an  environment  but 
rather  to  simulate  it  by  devising  a  test  which 
produces  the  same  damage  as  the  environmental 
condition.  Referring  to  the  curve  of  power 
spectral  density  illustrated  in  Figure  3,  a  pos¬ 
sible  simulation  involves  the  reproduction  of 
this  density  characteristic.  Even  though  such 
a  test  does  not  necessarily  reproduce  the  dis¬ 
tribution  of  acceleration  amplitudes  which  make 
up  the  power  spectral  density,  it  meets  certain 
requirements  of  an  acceptable  test,  because  the 
response  of  the  damped  single-degree-of- 
freedom  system  which  simulates  the  equipment, 
tends  to  adjust  to  a  normal  distribution  inde¬ 
pendently  of  the  distribution  in  the  environment. 

The  power  spectral  density  in  Figure  3 
represents  only  a  single  environment,  however, 
and  does  not  meet  the  condition  of  generality. 
It  has  been  suggested  that  generality  be  achieved 
by  assembling  all  applicable  curves  of  power 
spectral  density,  and  drawing  an  envelope 
through  their  peaks.  It  will  be  shown  that  such 
generalization  drastically  modifies  the  nature 
of  the  environment  being  simulated. 

The  response  of  an  elastic  system  when 
subjected  to  vibration  depends  upon  the  damping 
of  the  system.  For  convenience  of  nomencla¬ 
ture,  the  damping  is  defined  here  by  the 
parameter  Q  whose  value  is  equal  to  the  trans- 
missibility  at  resonance  when  the  system  is 
subjected  to  a  conventional  vibration  test  at  a 
single  frequency.  It  is  significant  now  to  inves¬ 
tigate  the  response  of  the  damped  single-degree- 
of-freedom  system  to  two  different  types  of 
excitation  when  both  the  natural  frequency  and 
the  damping  parameter  of  the  system  are  con¬ 
sidered  to  vary: 

1.  In  a  test  at  a  single  frequency  in  which 
the  excitation  frequency  is  varied  slowly 
between  the  minimum  and  the  maximum, 
a  resonant  condition  exists  when  the 
excitation  frequency  becomes  equal  to  a 
natural  frequency  of  the  system.  The 
response  of  the  system,  expressed  in 
terms  of  either  the  acceleration  amplitude 
or  the  rms  acceleration,  is  equal  to  Q 
times  the  corresponding  quantity  of  the 
excitation.  In  other  words,  the  response 
is  directly  proportional  to  the  *irst  power 
of  the  parameter  Q. 

2.  When  the  excitation  is  characterized  by  a 
continuous  spectrum,  vibration  at  all 
frequencies  presumably  exists  at  all 
times  with  continuously  varying  ampli¬ 
tudes.  As  a  consequence,  any  system 


whose  natural  frequency  is  within  the 
range  of  the  frequencies  included  within 
the  spectrum  experiences  a  continuous 
resonant  condition.  If  the  power  spectral 
density  is  constant  independent  of  fre¬ 
quency,  the  rms  acceleration  of  the 
response  is  then  directly  proportional  to 
the  one-half  power  of  the  parameter  Q„ 

These  response  data  are  summarized  in 
Table  1.  The  relation  between  the  power  spec¬ 
tral  density  and  the  rms  acceleration  *m  of  the 
excitation  are  set  forth  in  the  second  column 
for  both  discrete  and  continuous  spectra.  The 
third  column  gives  the  rms  acceleration  ym  of 
the  response.  If  Q  is  a  constant,  it  seems  evi¬ 
dent  by  comparing  the  expressions  in  the  first 
and  second  lines  of  the  third  column  that  the 
rms  acceleration  of  the  response  can  be  equal¬ 
ized  in  the  two  instances  by  making  the  power 
spectral  density  in  the  continuous  spectrum 
inversely  proportional  to  the  natural  frequency 
fn and  directly  proportional  to  the  power 
spectral  density  of  the  discrete  spectrum. 

According  to  the  hypothesis,  an  equipment 
consists  of  many  systems,  each  with  its  partic¬ 
ular  value  for  p.  Because  a  different  power  of 
P  prevails  during  excitation  by  discrete  and 
continuous  spectra,  it  is  not  possible  to  simul¬ 
taneously  subject  two  systems  of  different  p  to 
the  same  rms  acceleration  of  response  during 
excitation  by  both  discrete  and  continuous 
spectra.  This  suggests  that  a  continuous  spec¬ 
trum  cannot  be  simulated  by  a  discrete  spectrum, 
if  the  rms  acceleration  of  the  response  can  be 
related  directly  to  physical  damage. 

The  relations  given  in  the  second  line  of 
Table  1  apply  only  to  a  continuous  spectrum 
wherein  the  power  spectral  density  is  relatively 
flat  as  a  function  of  frequency;  i.e.,  wherein  the 
curve  of  power  spectral  density  does  not  include 
portions  having  large  slopes.  The  curve  of 
power  spectral  density  illustrated  in  Figure  3, 
however,  not  only  has  slopes  that  are  relatively 
great  but  also  exhibits  pronounced  peaks.  This 
indicates  that  the  environment  has  character¬ 
istics  of  both  discrete  and  continuous  spectra. 

It  is  possible  to  determine  the  rms  accelera¬ 
tion  of  response  of  a  damped  single-degree-of- 
freedom  system  to  this  environment.  Under 
these  circumstances,  the  rms  acceleration  of 
response  is  proportional  to  thenth  power  of  Q 
where  n  has  a  value  between  one-half  and  one. 
If  n  is  smaller  than  0.75,  the  environment 
apparently  can  be  better  simulated  by  a  test, 
involving  a  continuous  spectrum;  if  the  value  of 
n  is  greater  than  0.75,  the  environment  appar¬ 
ently  can  be  better  simulated  by  a  test  involving 


TABLE  1 

Summary  of  Responses  of  Damped  Single- Degree-of- Freedom  System 


Spectrum 

Excitation 

Response 

Discrete 

*■  =  inf) 

ym  =  qVfco  =  AjQ 

Continuous 

(Flat  spectrum  for  f1<f<f2) 

*m  ='l 

ym  =l/l  fn  QF(f)  =  A2Ql/2 

Mixed 

ym  =  A3Qn 

where  0.5  <  n  <  l 

F(f)  =  power  spectral  density,  g2/cps 

xm,ym  =  root  mean  square  acceleration,  g 

fn  =  natural  frequency  of  responding  system,  cps 

Q  =  2(c/c~)=  damPinS  parameter 

a  discrete  spectrum,  provided  the  rms  accelera¬ 
tion  is  a  significant  criterion  of  damage. 

In  evaluating  the  relation  between  discrete 
and  continuous  spectra,  it  is  prudent  to  keep  the 
assumptions  in  mind.  The  maximum  accelera¬ 
tion  of  a  simple  damped  system  was  assumed  as 
a  criterion  of  damage,  in  the  absence  of  tangible 
data  on  failures  of  equipment.  The  above  anal¬ 
ysis  yields  not  the  maximum  acceleration,  but 
rather  the  rms  acceleration,  together  with  a 
statistically  defined  distribution  of  acceleration 
peaks. 

In  a  discrete  spectrum  involving  steady-state 
vibration,  the  acceleration  amplitude  is  equal  to 
1.41  times  the  rms  acceleration  and  is  directly 
proportional  to  the  maximum  stress  experienced 
by  the  spring  of  the  system.  This  acceleration 
amplitude  is  repeated  at  each  cycle  of  vibration, 
and  is  of  some  significance  in  both  design  and 
test.  In  the  continuous  spectrum,  the  rms  accel¬ 
eration  of  response  is  essentially  a  mathemat¬ 
ical  value  conveniently  adapted  for  analysis.  In 
attempting  to  infer  its  physical  significance,  it 
should  be  noted  that,  in  the  distribution  assumed 
here,  61  percent  of  the  acceleration  peaks  are 
greater  than  the  rms  acceleration  and  37  per¬ 
cent  are  greater  than  1.41  times  the  rms  accel¬ 
eration.  In  other  words,  37  percent  of  the 
acceleration  peaks  in  a  vibration  pattern  whose 
peaks  are  constantly  changing  are  greater  than 
the  acceleration  amplitude  of  the  system  under¬ 
going  steady-state  vibration  with  the  same 
rms  acceleration.  It  is  thus  difficult  to  deter¬ 
mine  whether  the  vibration  experienced  by  the 
system  with  the  constantly  changing  pattern  is 


more  or  less  severe  than  that  experienced  by 
the  system  undergoing  steady-state  vibration. 
It  seems  evident  that  considerably  more  research 
is  needed  to  answer  this  question. 

If  the  vibration  environment  in  an  aircraft 
or  guided  missile  is  to  be  simulated  effectively, 
the  environment  must  be  defined  by  parameters 
which  are  significant  physically  and  the  laws 
governing  failure  of  equipment  must  be  estab¬ 
lished  and  confirmed.  Insofar  as  piloted  air¬ 
craft  are  concerned,  a  considerable  mass  of 
data  exist,  but  data  reduction  means  which  have 
been  employed  leave  something  to  be  desired  in 
understanding  the  true  nature  of  the  environ¬ 
ment.  Data  which  define  the  environments  in 
guided  missiles  are  much  less  plentiful  than 
those  defining  the  environments  in  piloted  air¬ 
craft.  There  appears  to  be  no  preponderant 
evidence  at  this  moment  that  such  environments 
are  either  discrete  or  continuous. 

On  the  basis  of  the  preceding  discussion,  the 
following  tentative  conclusions  may  be  drawn: 

1.  If  the  spectra  defining  the  environments 
are  continuous,  there  is  a  definite  need 
to  record  typical  and  maximum  values  of 
power  spectral  density  as  a  function  of 
frequency,  and  to  indicate  whether  the 
curves  of  power  spectral  density  are 
predominantly  flat  or  peaked. 

2.  An  attempt  to  generalize  a  family  of 
essentially  peaked  power  density  spectra 
by  constructing  an  encompassing  envelope 
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through  the  peaks  results  in  the  conver¬ 
sion  of  a  discrete  spectrum  to  a  con¬ 
tinuous  spectrum.  This  generalization 
merges  two  types  of  spectra  which  have 
been  shown  in  the  preceding  analysis  of  a 
hypothetical  condition  to  produce  essen¬ 
tially  different  results. 

3.  The  statistical  approach  is  inherently 
limited  to  defining  the  average  value  and 
the  distribution  of  peak  values.  Many  of 
the  problems  encountered  in  evaluating 
the  strength  of  equipment  subjected  to 
vibration  have  not  yet  been  solved  for  the 
condition  of  classical  steady-state  vibra¬ 
tion  at  a  constant  amplitude.  A  useful 


understanding  of  the  strength  of  equip¬ 
ment  when  subjected  to  vibration  whose 
level  constantly  fluctuates  does  not  exist 
at  this  time. 

Finally,  the  simulation  of  vibration  environ¬ 
ments  is  currently  in  a  very  tentative  state. 
Much  more  information  is  needed,  not  only  on 
the  nature  of  environments  but  on  the  strength 
of  equipment  when  subjected  to  vibration,  before 
it  will  be  possible  to  state  with  some  degree  of 
certainty  that  a  particular  testing  procedure  is 
adequate  to  qualify  equipment  for  use  in  any 
designated  environment. 


DISCUSSION 


Mr.  Rich,  R.C.A.:  The  current  vibration  tests 
that  we  are  designing  right  now  specify  a  cer¬ 
tain  number  of  g's  or  displacement  versus 
frequency  over  a  specified  frequency  range.  In 
Mr.  Crede's  paper,  he  mentioned  power- versus- 
frequency  testing.  Would  this  be  more  advan¬ 
tageous  than  a  g-versus-frequency  testing  since 
you  always  monitor  the  input  at  the  table,  and 
if  you  approach  the  resonant  frequency  of  the 
load  or  equipment  you  can  give  a  greater  number 
of  g  input  into  the  equipment  than  is  going  into 
the  table. 

Crede:  This  power  density  concept  has  come 
into  the  picture  as  a  result  of  the  continuous 
spectrum.  Dr.  Morrow  refers  to  it  as  random 
vibration.  The  word  "power,"  I  am  inclined  to 
think,  is  a  bit  unfortunate  because  power  is 
associated  with  watts  in  a  lot  of  people's  minds, 


and  we  are  not  talking  about  watts  here  at  all. 
We  are  talking  merely  about  a  unit  of  the  square 
of  acceleration  so  that  we  should  not  make  too 
big  a  distinction  about  the  unit  simply  because 
we  think  of  acceleration  in  one  case  and  power 
in  the  other  case. 

It  comes  into  the  picture  simply  because  the 
acceleration  level  is  continuously  fluctuating. 
About  the  only  way  you  can  reduce  that  to  some 
simple  numerical  parameters  is  to  measure  the 
rms  value  of  it.  There  have  been  some  sug¬ 
gestions  made  that  the  proper  unit  to  be  used 
here  is  not  g  square  over  cycles  per  second, 
but  rather  g  over  the  square  root  of  cycles  per 
second.  In  other  words,  take  the  square  root  of 
that  power  parameter  on  the  assumption  that 
most  engineers  are  more  used  to  thinking  in 
terms  of  g  than  they  are  in  terms  of  g  square. 


EVALUATING  THE  VALIDITY  OF 
SHOCK  SIMULATIONS 


J.  H.  Armstrong,  U.  S.  Naval  Ordnance  Laboratory 


While  it  is  not  suggested  that  analytical  solutions  should  replace  testing 
in  any  but  the  most  well  defined  examples  on  the  simplest  structures, 
in  cases  where  knowledge  of  field  conditions  is  incomplete  or  testing 
equipment  inadequate,  an  exploration  of  simple  dynamic  and  static 
relationships  may  be  very  useful  in  determining  tests  that  will  result 
in  correct  design. 


The  essence  of  valid  shock  simulation  is  that 
the  tests  reveal  in  the  test  specimen  the  effects 
that  would  result  from  the  service  condition 
being  simulated.  It  is  also  necessary  to  refrain 
from  producing  effects  that  would  not  result 
from  the  service  shock.  When  fed  into  the 
development  process,  failings  in  the  first 
respect  will  show  up  in  unreliability,  while 
those  of  the  second  type  will  result  in  over- 
design. 

Exact  reproduction  of  a  precisely-determined 
field  acceleration-time  curve  by  a  machine 
whose  output  is  insensitive  to  the  mechanical 
impedance  of  the  items  it  is  testing  is  an 
obvious  and  ideal  route  to  valid  testing,  but  one 
which  can  rarely  be  traveled  all  the  way.  It  is 
the  purpose  of  this  paper  to  explore  the  useful¬ 
ness  of  some  of  the  simplest  dynamic  and  static 
relationships  in  pointing  the  way  toward  testing 
that  can  result  in  correct  design  and  evaluation 
decisions  in  cases  where  the  state  of  knowledge 
of  field  condition  or  specimen  response  is  in¬ 
complete  and  where  also,  perhaps,  the  capa¬ 
bilities  of  testing  equipment  fall  short  of  the 
mark  in  various  respects. 

This  theoretical  discussion,  elementary  as 
it  is,  is  presented  with  no  thought  that  analytical 
solutions  should  replace  testing  in  any  but  the 
most  well-defined  cases  on  the  simplest  of 
structures.  The  tested  mechanism  alone  is  the 
true,  quantitative  judge  of  its  own  response,  but 


from  the  study  of  stylized  cases  we  may  well 
hope  to  define  simulation  relationships  that 
will  permit  the  complex  actual  mechanisms  to 
tell  a  true  story.  On  the  other  hand,  in  most 
actual  situations  the  profitable  limits  of  the 
analytical  approach  extend  far  beyond  the  simple 
relationships  herein  discussed;  perhaps  this 
discourse  may  serve  as  a  stage  setting  for 
some  of  the  genuine  advances  and  refinements 
in  the  analytical  field  to  be  reported  upon  later 
in  this  symposium. 


DAMAGE  SENSITIVITY 


Excessive  deflection  of  parts  of  a  device 
under  shock  maybe  manifested  in  various  ways: 
by  microphonics  in  electronic  gear,  by  chat¬ 
tering  of  a  switch,  by  internal  collision,  or,  in 
the  common  situation  on  which  we  will  base 
most  of  this  discussion,  permanent  deforma¬ 
tion  of  parts  from  overstress  causing  sub¬ 
sequent  loss  of  serviceability.  Figure  1  shows 
a  typical  "damage  sensitivity  curve"  for  a 
structural  element  of  a  device  or  equipment. 
Adopting  for  the  moment  the  bloodthirsty  atti¬ 
tude  that  failure  of  a  test  consists  of  failure 
to  damage  the  test  specimen,  it  will  be  seen 
that  in  this  plot  of  the  velocity  change  of  a 
single-shock  pulse  against  the  peak  accelera¬ 
tion  there  are  two  ways  in  which  the  test  item 
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DEFORMATION 


PULSE  ENERGY 
LESS  THAN 
ENERGY  ABSORPTION 
CAPACITY  OF  STRUCTURE 


ACCELERATION  - 


Figure  1  -  Typical  damage  sensitivity  curve 


can  escape  permanent  deformation.  *  If  the 
maximum  dynamic  shock  loading  is  less  than 
the  strength  of  the  structure,  or  if  the  pulse 
energy  going  into  the  structure  is  less  than  its 
elastic  energy  storage  capacity,  there  will  be 
no  damage. 


EFFECTS  OF  RISE-TIME 


period  of  vibration  of  the  structure  subjected  to 
them.  To  know  in  advance  of  firming  up  com¬ 
ponent  design  that  a  test  is  to  be  valid  (and  that 
is  the  very  time  when  test  procedures  and  facil¬ 
ities  must  be  planned),  therefore,  the  natural 
frequency  of  parts  yet  undreamed  of  must  be 
established.  Except  perhaps  in  the  tuning-fork 
industry,  this  is  unusual.  The  acceleration  value 
that  is  to  be  withstood,  however,  is  usually 
established,  at  least  to  some,  degree,  early  in 
the  game.  By  combining  the  equations  for  the 
bending  stress  in  an  element  under  inertial 
loading  with  those  for  natural  frequency  in  the 
first  mode,**  as  in  the  example  of  Figure  2,  the 
frequency  is  found  to  be  related  directly  to  the 
acceleration  by  an  expression  of  the  form 
f  =  K  A/(cey )  where  K  is  a  constant  typical  of 
the  class  of  structural  element  while  c  and  ey 
are  constants  of  the  structural  material.  The 
frequency  of  any  element,  regardless  of  its 
size,  is  thus  found  to  be  directly  proportional 
to  the  slowly- applied  acceleration  which  will 
stress  it  to  the  yield  point.  In  the  example 
worked  out  for  the  cantilever  beam  of  rec¬ 
tangular  cross  section,  K  has  the  value  of  15.6 
for  acceleration  in  gravity  units.  As  will  be 
discussed  later,  for  acceleration  pulses  having 
rise-times  in  the  range  to  cause  some  ampli¬ 
fication  of  the  response  of  the  element,  the 
frequency  will  be  increased  by  the  response 
amplification  factor  n . 


As  the  plot  indicates,  rapidly-applied  accel¬ 
erations  of  half  the  slowly-applied  value  neces¬ 
sary  to  cause  damage  will  also  result  in  incip¬ 
ient  permanent  deformation,  considering  for 
the  time  being  only  cases  where  there  is  ample 
velocity  change.  For  reasonably  high-energy 
shocks,  peak  acceleration  is  the  parameter 
usually  considered  basic.  It  is  the  one  whose 
distribution  is  considered  in  studying,  for 
example,  the  relationship  between  service 
stresses  and  component  strengths  in  evaluating 
reliability.  An  uncertainty  of  two  to  one  in  this 
value  is  a  little  too  much  to  ignore,  even  allow¬ 
ing  for  the  fact  that  the  usual  variations  in 
stresses  and  strengths  are  such  as  to  reduce 
the  value  of  extreme  precision  in  the  shock 
testing  field. 

The  terms  "rapidly"  and  "slowly"  applied 
are  not  absolute,  but  are  relative  to  the  natural 


Figure  3  gives  K  values  for  six  widely  dif¬ 
fering  classes  of  structural  element;  note  that 
K  varies  only  between  about  8  and  16.  The  value 
for  the  end-loaded  cylinder  is  significant  in  that 
it  is  the  lowest  encountered,  though  from  a 
practical  standpoint  this  type  of  element  is  of 
importance  only  under  extremely  high  accelera¬ 
tion  such  as  in  gun  launching  or  plate  impact. 
Now  it  can  be  stated  that  as  soon  as  the  minimum 
acceleration  to  be  designed  to  is  determined, 
for  any  given  material,  a  floor  has  been  set 
beneath  which  the  natural  frequency  of  any 
successful  design  of  a  self-supporting  element 
cannot  go. 


EFFECTS  OF  CONCENTRATED  MASSES 

Most  useful  structural  elements  are  not 
simple  shapes  free  from  concentrated  masses, 


*This  paper  is  concerned  with  single -shock 
pulses;  some  of  the  principles  maybe  appli¬ 
cable,  with  caution,  to  individual  portions  of 
more  complex  acceleration -time  patterns. 
Decause  of  this  single-pulse  assumption  the 
effects  of  damping  can  be  neglected. 


**This  discussion  considers  only  the  first  mode, 
since  this  is  almost  invariably  the  cause  of 
failure  because  of  its  larger  deflections  and 
stresses.  Coupling  of  other  modes  and  relate’d 
structures  will  alter  frequencies,  but  gen¬ 
erally  not  to  an  extent  affecting  general  rela¬ 
tionships  derived. 
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MAXIMUM  STRESS  IN  BEAM 
UNDER  ACCELERATION  A: 


WHERE: 
f= FREQUENCY 
(CYCLES/SEC) 

A=  ACCELERATION 
(G  UNITS) 

C  =  ACOUSTIC  VELOCITY 
(FT/ SEC) 

€„=  UNIT  STRAIN  AT 
1  YIELD  STRESS 
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Figure  2  -  Derivation  of  minimum  natural  frequency  of  a  struc¬ 
tural  element  resisting  a  given  acceleration  load 
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BEAM  WITH 
CONCENTRATED  MASS 


WHERE  X  IS  THE  RATIO  OF  THE 
EQUIVALENT  VOLUME  OF  THE  CON¬ 
CENTRATED  MASS  TO  THE  VOLUME 
OF  THE  BEAM  PROPER  AND  K  IS 
A  CONSTANT  TYPICAL  OF  THE  CLASS 
OF  STRUCTURE 


Figure  3  -  Formulas  for  minimum  natural  frequencies  of 
structural  elements  capable  of  resisting  acceleration  loads 


so  the  case  is  also  shown  (at  the  bottom  of 
Figure  3)  for  the  cantilever  beam  with  a  lump 
at  the  free  end.  To  reduce  this  to  a  system 
which  can  be  handled  in  the  general  sense,  the 
lump  is  represented  as  consisting  of  material 
of  the  same  density  as  the  structural  part  of 
the  beam  and  having  a  volume  x  times  that  of 
the  beam  proper.  In  this  and  other  concentrated- 
mass  cases  the  frequency-acceleration  relation¬ 
ship  turns  out  to  be  similar  to  that  for  the  beam 
alone*  multiplied  by  the  square  root  of  the 


’’concentration  factor”  x.  Thus  the  ’’floor” 
under  the  frequency  value  holds  true;  the  effect 
of  any  concentrated  masses  or  other  variations 
from  the  geometry  of  a  simple  structure  is  to 
raise  the  minimum  frequency  associated  with  a 
given  acceleration  resistance.** 


*There  is  a  small  decrease  in  K,  accounted  for 
by  the  difference  in  stress  distribution  in  the 
structural  elements  with  the  concentrated 
masses;  in  the  cantilever  beam  case  it  amounts 
to  about  2%  when  X  is  large. 


**If  X  becomes  very  large  (in  the  cantilever 
beam  case,  for  example)  the  structure  re¬ 
sembles  a  weight  supported  by  a  rivet  and 
failure  would  obviously  be  by  shear.  Such 
cases,  outside  the  scope  of  this  discussion, 
are  also  covered  by  the  frequency-strength 
relationship  in  that  they  will  have  much 
higher  natural  frequencies.  During  testing, 
they  will  "see”  all  shocks  as  slowly  applied 
and  will  fail,  with  very  little  energy  required, 
if  shear  strength  is  exceeded. 
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CRITERIA  FOR  SLOWLY  AND  RAPIDLY 

APPLIED  SHOCKS 

Figure  4  indicates  how  the  relationship  be¬ 
tween  frequency  and  strength  establishes  cri¬ 
teria  for  classifying  shocks  essentially  as  slowly 
or  rapidly  applied.  The  familiar  response 
curve  for  a  shock  of  indefinitely  long  duration 
indicates  the  amplification  of  the  shock  accel¬ 
eration  as  a  function  of  the  ratio  of  the  rise¬ 
time  tj*to  the  natural  period  T  of  the  struc¬ 
tural  element  involved.  Most  of  the  change  in 
response  occurs  between  the  values  of  tj/T  of 
0.25  and  0.80,  where  r\  decreases  from  about 
1.90  to  1.25.  Calling  all  shocks  where  tj/r  is 
greater  than  0.80  slowly  applied  and  considering 
n  to  be  1.10  will  result  in  a  maximum  of  about 
15  percent  error,  while  calling  all  cases  rapidly 
applied  where  tj/T  is  less  than  0.25  and  using 
2.0  for  7i  will  be  only  about  5  percent  off. 


rule  of  thumb  results  by  which  the  product  of 
the  peak  acceleration  (in  g)  and  the  rise  time 
(in  milliseconds)  divided  by  the  cey  value  for 
the  material  is  less  than  8  for  rapidly  applied 
shocks  and  greater  than  80  for  slowly  applied 
ones.  The  cey  term  is  a  sort  of  "figure  of 
merit"  for  materials  with  respect  to  shock 
resistance;  there  will  be  more  to  say  about 
it  later. 

An  example  of  a  rapidly-applied  shock  would 
be  a  50  g  booster  acceleration  applied  to  a 
missile  structure  designed  to  be  efficient  in 
using  its  material  to  resist  this  loading.  For  a 
ce  value  of  100,  typical  of  aluminum  alloy,  the 
rule-of-thumb  value  is  1.5  and  a  two-to-one 
dynamic  load  factor  must  definitely  be  con¬ 
sidered  for  the  critical  elements  if,  for  example, 
a  static  load  equivalent  is  to  be  used  in  design 
or  test. 


FOR  "RAPIDLY  APPLIED"  SHOCKS  ( *,3T.),H.?2 

fM|N  =  2.0K-A_  ACCEL.  (?)*  RISE  TIME(MILLISEC)  ^  w 

'  C  £y 

FORhSLOWLY  APPLIED"  SHOCKS  It  S  8T)#X«I.O  to  1.25 

fM  I25K-A—  ACCEL. (?)x  RISE  TIME  (MILLISEC.)  -^gp 
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Figure  4  -  Criteria  for  slowly  and  rapidly 
applied  shocks 


Plugging  this  into  the  frequency-acceleration 
formula  and  allowing  for  a  variation  in  type  of 
structure  by  assuming  K  values  of  8  to  16,  a 


♦The  acceleration  is  assumed  to  rise  linearly 
with  time,  as  pictured;  the  differences  with 
sinusoid  or  other  types  of  rise  are  generally 
very  similar  if  tj  is  selected  as  the  time  for 
the  middle  80  percent  or  so  of  the  increase  to 
be  accomplished. 


If  the  rule-of-thumb  value  is  80  or  above, 
the  shock  maybe  considered  slowly  applied  with 
respect  to  the  most  "efficient"  elements,  those 
with  the  lowest  possible  natural  frequency.  As 
an  example,  a  gun-launching  shock  on  a  pro¬ 
jectile  component  reaching  a  25,000  g  level  in 
one  millisecond  gives  a  rule-of-thumb  value  of 
about  100  with  materials  of  the  very  highest 
cey  value  and  is  therefore  essentially  a  slowly- 
applied  shock  which  will  not  generally  cause 
amplifications  of  more  than  25  percent  above 
static  values. 
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EFFECTS  ON  OTHER  THAN  MINIMUM- 
FREQUENCY  COMPONENTS 


Any  practical  mechanism  will  also  contain 
all  sorts  of  structural  elements,  many  of  them 
designed  on  a  basis  of  rigidity  under  operating 
loads,  purely  kinematic  considerations,  or 
other  criteria  unrelated  to  shock  resistance- 
after  all,  a  device  which  will  withstand  a 
million  g  but  performs  no  usable  function  is 
of  little  value  outside  a  museum.  These  heavier 
items  will,  for  any  particular  level  of  shock 
resistance,  have  higher  natural  frequencies 
than  the  most  efficient  (shockwise)  elements. 
They  will  therefore  "see"  any  shock  that  is 
rapidly  applied  to  the  minimum-frequency 
components  as,  if  anything,  somewhat  less  than 
rapidly  applied,  as  judged  by  the  amplification 
with  which  they  respond.  If  the  shock  on  the 
minimum  frequency  components  is  slowly 
applied,  all  other  elements  will  see  the  shock 
as  even  more  nearly  static  in  effect.  The  over¬ 
all  effect  of  this  on  the  validity  of  test  proce¬ 
dures  can  now  be  considered. 


RELATIVE  SERVICE  AND  TEST  RESPONSE 


From  the  simulation  standpoint,  the  measure 
of  test  suitability  in  cases  where  for  practical 
reasons  it  is  difficult  to  determine  or  to  simu¬ 
late  the  service  rise-times,  is  the  relative 
response  of  all  elements  of  the  tested  item  to 
service  and  test  pulses.  Figure  5  illustrates 


two  possible  cases.  In  both,  the  service  shock 
is  of  somewhat  lower  equivalent  frequency 
(longer  rise  time)  than  the  lowest-frequency 
elements  in  the  test  item,  the  rule-of-thumb 
value  being  about  60.  For  each  possible  ele¬ 
ment  frequency— a  range  which  extends  only  to 
the  right  from  the  minimum  value  determined 
by  the  basic  relationship— the  amplification 
factor  for  the  service  shock  has  been  calculated. 

In  the  upper  example,  the  test  shock  is  of 
still  lower  frequency;  the  "test  shock"  curve 
shows  the  response  of  the  same  elements  to  it. 
There  is  not  much  spread  between  the  values, 
but  in  general  there  is  some  undertest,  partic¬ 
ularly  in  the  range  of  the  important  lower- 
frequency  elements. 

In  the  second  case  in  Figure  5,  the  test  shock 
is  applied  about  50  percent  faster  than  the 
service  shock.  Here,  overtest  predominates, 
reaching  about  30  percent  of  the  peak  accel¬ 
eration,  though  there  are,  at  least  theoretically, 
some  small  areas  of  undertest.  Clearly,  if  the 
service  shock  frequency  is  this  close  to  the 
minimum  structural  element  frequency  it  is  not 
possible  to  tolerate  much  variation  in  the  test 
shock  rise-time  without  introducing  a  20  or  25 
percent  safety  factor  into  the  test  amplitude  and 
accepting  corresponding  overtest  of  some  com¬ 
ponents.  By  considering  only  the  portions  of  the 
curves  to  the  right  of  3.0  relative  frequency 
ratio,  which  is  the  same  as  considering  a  case 
where  the  rule-of-thumb  value  is  about  180,  it 
will  be  seen  that  the  situation  will  tolerate  a 
good  deal  sloppier  rise-time  simulation  without 
significant  over  or  undertest.  It  is  also  evident 


RELATIVE  FREQUENCY  OF  STRUCTURAL  ELEMENTS  8  SHOCK  RISE -TIMES 


Figure  5  -  Relative  response  to  service  and  test  shocks  -  I 
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that  if  the  rule-of-thumb  value  on  the  basis  of 
an  under-estimate  of  risetimeis  well  above  80, 
it  is  not  necessary  to  measure  the  service 
rise-time  closely. 

in  the  first  diagram  of  Figure  6  we  consider 
cases  where  the  service  rise  time  is  close  to 
the  minimum  element  frequency  and  the  rule  of 
thumb  yields  a  still  more  intermediate,  indeter¬ 
minate  value.  Here  it  is  clearly  important  that 
rise-time  simulation  be  close.  If  it  cannot  be, 
the  situation  warrants  closer  study.  Where  the 
test  shock  is  of  considerably  higher  equivalent 
frequency,  there  is  an  area  of  overtest  of  con¬ 
siderable  magnitude.  Some  slight  improvement 
could  apparently  be  made  by  reducing  the  test 
shock  amplitude  to  bring  balance  at  the  minimum 
element  frequency.  There  would  still  be  much 
overtest,  however,  which,  while  all  right  from 


weakest  parts  of  the  design.  In  a 
sense,  we  are  only  required  to  have 
our  simulation  completely  valid  in  the 
case  of  the  marginal  elements  which 
may  fail  in  service;  the  others  canr 
tolerate  a  certain  amount  of  injustice. 

The  conclusion  is  that  an  incorrect  test  of  this 
type  (test  shock  frequency  higher  than  service 
shock  frequency)  will  not  lead  to  unreliability 
and  probably  not  to  serious  overdesign. 

The  second  case  in  Figure  6  illustrates  the 
converse  problem,  where  the  service  shock  is 
of  more  rapid  rise-time  than  the  test  shock. 
Here  the  large  area  of  undertest  requires  a 
considerable  increase  in  test  shock  amplitude 
to  steer  clear  ox  unreliability,  with  consequent 


RELATIVE  FREQUENCY  OF  STRUCTURAL  ELEMENT  J  ft  SHOCK  RISE-TIMES 


Figure  6  -  Relative  response  to  service  and  test  shocks  -  II 


a  reliability  standpoint,  means  a  possibility  of 
overdesign  and  reduced  effectiveness.  Most  of 
the  justification  if  such  a  procedure  is  used 
must  come  from  reasoning  of  the  following  type: 

Many  of  the  elements  with  frequencies 
higher  than  the  minimum  are  still  of 
"efficient"  structural  type;  they  are 
stiffer  and  stronger  than  the  marginal 
components  because  they  were  designed 
to  meet  other  criteria  as  well  as  shock 
resistance.  Since  they  are  by  the  same 
token  stronger  than  the  minimum,  they 
will  not  fail  under  tests  probing  for  the 


severe  overtest  of  the  minimum-frequency 
elements.  Since  these  are  probably  the -most 
significant  ones  and  should  receive  a  valid  test, 
the  situation  should  be  avoided. 

If  the  service  shock  rise-time  is  very  short 
in  comparison  to  component  natural  periods 
(rule-of-thumb  value  is  low)  and  cannot  be 
matched  with  available  test  equipment,  the  best 
means  of  testing  the  structural  strength  of  the 
item  may  be  a  double-amplitude  centrifuge 
test.  This  results  in  a  slight  overtest,  in  the 
case  of  the  highest-frequency  components  only, 
as  shown  in  the  bottom  example  of  Figure  6. 
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OTHER  SHOCK  EFFECTS 


The  chief  objection  to  the  centrifuge  test,  of 
course,  is  that  it  will  not  dramatize  the  effects 
of  internal  collisions  and  transient  out-of-phase 
deflections  of  parts  which  occur  under  shock 
loading  and  are  often  more  important  than  those 
of  maximum  tension,  compression  or  bending 
stresses.  Such  effects  are  the  only  ones  con¬ 
sidered  in  the  above  analyses. 

To  provide  some  idea  of  the  likelihood  of 
such  problems  and  of  the  clearances  which  must 
be  allowed  between  parts,  the  maximum  deflec¬ 
tion  at  yield  of  the  lowest-frequency  elements 
can  be  estimated,  independently  of  the  size  of 
structure  involved,  using  some  of  the  same  type 
of  reasoning  along  with  the  relationship  between 
natural  frequency  and  static  deflection.  This 
maximum  deflection  is  governed  by  a  formula 
of  the  following  form:* 

K'  (ce  )2 

&  ~  a 

Apeak 

For  components  which  need  withstand  only  low 
accelerations  but  which  are  made  of  strong 
materials  this  number  is  surprisingly  large 
(about  ten  inches  for  a  75  S-T  column  capable 
of  withstanding  100  g,  for  example).  This  leads 
to  the  conclusion  that  internal  collision  is  a  far 
more  likely  source  of  failure  than  is  structural 
bending,  tension,  and  compression  in  structures 
which  are  designed  to  only  low  acceleration 
limits.. 


MINIMUM  SHOCK  DURATION 

The  preceding  discussion  has  been  predicated 
on  service  shocks  of  long  duration,  such  as  in 
high-velocity  water-entry  drag  and  missile 
boost  cases,  and  on  the  availability  of  test 
methods  providing  ample  pulse  velocity  change 
for  full  response.  High-velocity  change  being 
synonymous  with  high  energy,  duration  is  often 
one  of  the  limitations  of  simple  shock  testing 
machines  such  as  drop  testers  which  must  be 
content  with  the  one  g  provided  by  Nature. 
Another  hurdle  it  would  be  desirable  to  avoid,  if 
possible,  is  full-duration  simulation  of  shock 
velocity  changes  exceeding  Mach  1,  a  practical 
limit  for  pneumatic  shock-testing  devices.  It 


will  be  of  interest  to  see  if  some  idea  can  be 
obtained  of  the  test  velocity  change  necessary 
to  assure  that  some  parts  do  not  escape  damage 
via  the  insufficient  pulse-energy  route  (Figure  1). 

A  rapidly  applied  shock  will  have  a  lower 
peak  amplitude  in  producing  the  same  maximum 
structural  deflection  as  a  slowly  applied  pulse, 
and  therefore  less  velocity  change  for  a  given 
duration,  except  as  it  may  have  a  higher  average- 
to-peak  ratio.  Often,  too,  the  rise-time  of  a 
test  shock  is  not  independent  of  its  duration. 
The  interactions  between  these  parameters  in 
the  response  functions  require  that  the  situa¬ 
tion  be  handled  somewhat  more  carefully  and 
that  the  effects  of  the  dynamic  response  or 
amplification  factor  be  taken  fully  into  account. 

In  Figure  7  the  derivation  of  points  on  a 
damage  sensitivity  curve  for  a  specific  pulse 
shape  (the  half-sine  in  this  case)  is  worked  out, 
starting  with  the  readily  available  response 
curve  for  the  class  of  pulse.  *  The  equation 
which  results  locates  a  curve  that  is  independent 
of  the  absolute  acceleration  and  velocity  change. 
The  velocity  change  at  any  point  on  the  curve 
(AV)  is  dependent  only  on  material  properties, 
the  class  of  structure  (represented  by  the  effect 
of  the  K  value),  and  the  pulse  shape  being  con¬ 
sidered  (represented  by  the  average-to-peak 
acceleration  ratio  and  the  tj/T  to  n  relationship 
of  the  response  curve). 

Figure  8  shows  the  resulting  damage  sensi¬ 
tivity  curves  for  several  pulse  shapes.  For  all 
elements  with  linear  force-deflection  curves, 
the  peak  acceleration  to  cause  yield  is  within 
the  range  of  from  0.5  to  1.0  times  the  equivalent 
static  acceleration  for  incipient  yield.  This 
variation  is  related  to  the  rapidly-  or  slowly- 
applied  pulse  question  previously  considered 
and  is  properly  handled  by  controlling  (or  at 
least  rationalizing)  the  rise-time  relationships 
between  test  and  service  shocks. 

In  terms  of  velocity  change  at  the  yield  point, 
however,  the  curves  for  all  pulse  shapes,  once 
the  acceleration  is  past  the  static  value  for 
yield,  lie  along  the  same  line  where  AV  =  Vc, 
a  value  independent  of  the  size  of  the  specimen 
and  of  the  acceleration  which  it  must  withstand. 
For  the  most  efficient  structure  configurations 
where  K  is  about  8,  the  value  of  VD  is  about 
.65  cey. 


*The  curve  shown  is  for  a  concentrated-mass 
spring  system;  the  equivalent  curve  for  the 
distributed-mass  systems  more  typical  of 
this  discussion  is  similar  in  shape  but  about 
10  percent  lower  at  the  peak  response. 


*  Where  K'  is  a  constant  typical  of  the  type  of 
structural  element,  roughly  inversely  propor¬ 
tional  to  the  K  values  of  Figure  3. 
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RATIO  OF  t,  TO  NATURAL  PERIOD  T 


t*-t, — H 


1.  THE  RESPONSE  OF  A  STRUCTURAL  ELEMENT  TO  A  HALF-SINE  PULSE 
OF  DURATION  t,  IS  GIVEN  BY  THE  CURVE. 

2.  THE  MINIMUM  NATURAL  FREQUENCY  OF  AN  ELEMENT  STRESSED  TO 
THE  YIELD  POINT  BY  A  GIVEN  STATIC  ACCELERATION  IS: 

<  -  K  Astatic 
'  cey 

T  =  —  =  -Si* — 
f  KA  STATIC 

3.  THE  CORRESPONDING  PEAK  PULSE  ACCELERATION  IS: 

apeak  =Ayieldistatic)- 

4.  THE  PULSE  VELOCITY  CHANGE  IS: 

av-  Astatic  Aavs.  .  t 
AV  tv  apeak  *' 

(,  =  Jl.  Cgy, 

T  K Astatic 

Ay,  Atyfi  .jL.££y.=637i:.C^ 

Apeak  t  Kn.  T  Kn. 


Figure  7  -  Derivation  of  damage  sensitivity  curve 


"CHARACTERISTIC  VELOCITIES"  FOR 

STRUCTURAL  MATERIALS 

Since  this  cey  term,  the  product  of  the 
acoustic  velocity  of  the  material  and  the  unit 
strain  at  yield,  appears  recurrently  in  places 
of  significance,  it  may  be  well  at  this  time  to 
digress  a  bit  for  discussion.  Units  of  cey  are 
feet  per  second;  for  want  of  a  better  term  it  will 
be  dubbed  the  "characteristic  velocity"  for 
the  material.  Physically  it  represents  the 
velocity  to  which  the  maximum  elastic  strain 
energy  in  a  cube  of  the  material  could  accel¬ 
erate  the  mass  of  the  same  cube,  without 
hysteresis  loss. 

Representative  maximum  values  for  several 
materials  are  given  in  Table  1.  Materials 
likely  to  be  used  structurally  in  military  equip¬ 
ment  will  have  a  characteristic  velocity  of 
about  40  ft  per  second  or  better;  a  good  typical 
value  for  aluminum  alloy  structures  is  100  ft 
per  second,  while  such  extreme  combinations 
of  strength,  stiffness,  and  relative  lightness 
such  as  music  wire  and  glass-plastic  laminates 
may  reach  values  in  excess  of  200  ft  per  second. 


.Figure  8  -  Damage-sensitivity  curves  for 
various  pulse  shapes 
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TABLE  1 

Maximum  "Characteristic  Velocities"  of  Structural  Materials 


Material 

Yield 

Stress 

(psi) 

Modulus 
of  Elasticity 
(psi) 

Density 

lb/cuin 

Acoustic 

Velocity 

(ft/sec) 

Characteristic 

Velocity 

ft/sec 

Low-Alloy  Steel 

70,000 

30  x  106 

0.28 

16,800 

39 

Tungsten 

500,000 

60  x  106 

0.71 

12,300 

102 

Aluminum  Alloy  75S-T6 

70,000 

10  x 106 

0.10 

16,400 

115 

Methyl  Methacrylate 

17,000 

0.5  x  106 

0.043 

5,600 

190 

Music  Wire 

400,000 

CO 

o 

X 

o 

0.28 

16,800 

224 

Glass-Epoxy  Laminate 

87,000 

4  x  1Q6 

0.067 

12,600 

277 

CRITICAL  VELOCITY  CHANGE 


The  VQ  value  is  not  entirely  suitable  for  use 
as  an  index  of  how  much  velocity  change  is 
needed  in  a  shock  test  to  insure  valid  simula¬ 
tion  of  a  longer- duration  service  condition.  In 
the  first  place,  the  damage  sensitivity  curve 
rises  above  the  VQ  value  as  the  acceleration 
becomes  less  than  the  static  yield  value,  that  is 
in  all  cases  where  the  shock  is  rapidly  applied 
or  applied  at  some  intermediate  rate  where  some 
degree  of  amplification  is  to  be  expected.  The 
effect  of  this,  as  illustrated  in  Figure  9,  in  prac¬ 
tical  testing  must  be  considered  in  terms  of  the 
equipment  and  procedures  used. 


In  this  example,  the  illustrated  service  shock 
pulse,  assumed  "square"  (or  at  least  of  very 
fast  rise-time  and  decay)  and  of  8.3  millisecond 
duration  is  simulated  by  three  test  shock  pat¬ 
terns  of  similar  shape  but  of  shorter  and  shorter 
duration.  As  is  usually  the  process,  the  empir¬ 
ical  determination  of  the  suitability  of  the 
device  being  tested  is  determined  by  applying 
successive  shocks  of  increasing  peak  accel¬ 
eration  but  constant  duration.  This  is  continued 
until  something  bends,  breaks,  or  batters  to 
an  extent  impairing  its  serviceability,  or  at  least 
indicating  incipient  failure.  The  acceleration 
at  which  this  occurs  is  compared  with  the 
service  condition,  with  appropriate  margins 
for  the  necessary  degree  of  reliability. 


Figure  9  -  Effects  of  test  shock  duration 
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The  locus  of  test  points  making  up  a  test 
program  of  this  type  appears  on  the  diagram 
as  a  straight  line  emanating  from  the  origin, 
with  slope  corresponding  to  the  duration  of  the 
shock  pulse.  Since  acceleration  is  being  used 
as  the  independent  variable,  the  measure  of  the 
validity  of  the  procedure  is  the  degree  to  which 
the  test  and  service  shocks  result  in  incipient 
failure  along  the  same  vertical  line  of  constant  g. 
Assuming  an  aluminum  alloy  structure  with 
eg  of  100  ft  per  second,  the  service  shock 
value  for  this  duration  is  500  g,  resulting  in  a 
velocity  change  of  125  ft  per  second  at  yield. 

Test  Shock  I,  intersecting  the  highest  damage 
sensitivity  curve  (K  =  8)  before  it  deviates  from 
the  vertical,  produces  incipient  yield  at  the 
same  500  g  as  the  test  shock  and  is  therefore 
valid.  It  does  so  with  a  velocity  change  of 
100  ft  per  second,  equivalent  to  a  free  drop  of 
about  150  ft. 

Test  Shock  II  intersects  the  same  curve  at 
600  g,  20  percent  high.  This  in  itself  would  not 
pose  much  of  a  problem— an  adjustment  in  cor¬ 
relating  field  and  laboratory  values  could  be 
made.  However,  the  actual  test  item  will  con¬ 
tain  many  other  items  with  higher  K  values— 
structures  of  less  efficient  type  or  supporting 
concentrated  masses.  If  they  withstand  the 
same  shock,  they  must  be  of  higher  natural 
frequency.*  Two  examples  (with  K  values  of 
16  and  32)  are  shown  to  illustrate  the  position 
of  the  sensitivity  curves  of  such  elements. 

In  addition,  there  will  probably  be  some 
other  elements  made  of  less  shock- resistant 
(lower  cey  value)  material.  Damage  sensitivity 
curves  for  these  are  similarly  displaced  down¬ 
ward  from  those  of  their  corresponding  higher- 
strength  counterparts  of  similar  structure  class. 
In  a  complex  item,  the  area  under  the  upper¬ 
most  damage  sensitivity  curve  may  be  visual¬ 
ized  as  being  replete  with  curves  representing 
all  the  many  component  structures. 

The  Test  II  shock  will  still  intersect  these 
lower  curves  at  500  g,  so  if  the  test  accelera¬ 
tion  were  raised  to  600  g  to  test  the  K  =  8  com¬ 
ponent  adequately,  some  of  the  other  parts 
would  be  100  g  past  failure.  Though  it  reaches 
the  VD  limit  at  the  service  acceleration  value, 
Test  II  is  not  adequate. 

The  shorter-duration  Test  III  shock  program 
will  show  atwo-to-one  disparity  in  effect  among 


*The  K  used  here  may  be  thought  of  as  including 
the  Vx  factor  (Figure  3)  associated  with  com¬ 
ponents  carrying  concentrated  masses. 


the  various  components.  Since  it  would  start 
deforming  components  at  the  500  g  value,  it 
would  indicate  properly  that  something  was 
wrong,  but  after  these  higher-frequency  com¬ 
ponents  had  been  redesigned,  the  lower  fre¬ 
quency  ones  would  remain  in  the  device,  to  fail 
underthe  service  condition.  Still  shorter  pulses 
can  show  a  greater  than  two-to-one  spread. 


LIMITED  VELOCITY  CHANGE  EFFECTS 


Returning  to  the  Test  Shock  II  curve,  con¬ 
sider  the  likely  course  of  testing  if,  for  example, 
a  drop  test  from  a  maximum  height  of  40  ft  is 
being  used.  When  the  velocity  change  limit  is 
reached,  the  only  available  course  for  raising 
the  acceleration  is  to  reduce  the  pulse  duration, 
thus  traveling  along  the  horizontal  path  indicated. 
This  will  not  cover  the  case  of  the  low-K  ele¬ 
ments  no  matter  how  high  the  peak  acceleration 
goes.  Clearly,  under  these  assumed  conditions, 
the  break  point  between  adequate  and  inadequate 
velocity  change  is  at  100  ft  per  second,  the  knee 
of  the  damage  sensitivity  curve. 

This  does  not,  of  course,  mean  that  lower 
velocity-change  tests  cannot  be  used  for  limited 
objectives,  such  as  production  quality  control. 
The  response  of  the  actual  item  is  the  real 
criterion,  and  it  may  well  be  that  the  types  of 
failure  for  which  a  screening  test  is  needed  are 
those  such  as  brittle  fractures  of  rigid  com¬ 
ponents,  shifting  of  bolted  parts,  etc.,  which  do 
not  involve  the  high  energy  typical  of  permanent 
deformations  of  strong  parts  of  flexible  con¬ 
figuration.  However,  it  must  be  demonstrated 
by  field  tests  or  adequate-duration  simulation 
that  such  is  the  case,  and  damage  sensitivity 
analysis  may  help  point  the  way  to  explanations 
for  otherwise  puzzling  anomalies  in  response- 
versus-duration  relationships. 


COMPLEX  RESPONSE  CURVES 


Considering  again  the  damage  sensitivity 
curves  of  Figure  8,  it  is  evident  that  for  other 
pulse  shapes  than  the  square  one  which  was 
conveniently  used  for  illustration  the  situation 
regarding  minimum  satisfactory  velocity  change 
is  more  ambiguous,  particularly  in  the  case  of 
the  curves  that  are  multi-valued  in  AV.  The 
relationships  are  properly  studied  by  making 
comparisons  between  calculated  response  curves 
for  the  service  and  actual  test  pulses;  these 
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usually  indicate  that  a  satisfactory  relationship 
can  be  established  if  the  "front  face"  of  the  test 
pulse  (the  rise-time)  is  kept  close  to  that  of  the 
service  shock,  even  though  the  total  duration  is 
modified  in  keeping  with  the  capacity  of  the  test 
gear.  It  may  be  noted  that  the  fast  rise-time 
pulses  (JTandJV)  are  not  multi-valued  in  AV. 


PLASTIC  DEFORMATION  DESIRABILITY 


It  should  be  remembered  that  these  damage 
sensitivity  curves  are  for  incipient  permanent 
deformation.  For  a  definite  indication  of  fail¬ 
ure,  particularly  if  shock  effects  must  be  judged 
by  go-no-go  performance  tests  on  a  few  samples, 
considerably  more  energy  should  be  available. 
Doubling  the  pulse  velocity  change  will  provide 
energy  enough  for  only  about  as  much  permanent 
set  as  the  elastic  motion  prior  to  yield.  The 
result  is  not  too  much  of  a  safety  feature. 

On  the  other  hand,  the  practical  likelihood  of 
K  values  less  than  about  12  is  limited.  It  appears 
that  a  ceiling  value  for  minimum  acceptable 
test  velocity  change  is  about  400  ft  per  second, 
and  that  200  ft  per  second  should  be  adequate 
in  most  cases.  This  will  insure  (if  the 


rise-time  is  about  right)  picking  up  any  internal 
collision  effects  and  (if  the  device  willbe  altered 
in  characteristics  or  rendered  inoperative  by 
small  deformations)  providing  indication  of 
damage.  A  few  mechanisms  may  be  so  con¬ 
structed  as  to  accept  some  permanent  deforma¬ 
tion  and  remain  operative;  under  careful  anal¬ 
ysis  it  may  be  possible  to  gain  an  idea  of  the 
total  deformation  under  very  long  accelerations 
by  studying  the  cumulative  effect  of  multiple 
tests. 


CONCLUSIONS 


It  is  concluded  that  relationships  developed 
between  acceleration  resistance  and  natural 
frequency  may  permit  satisfactorily  close  evalu¬ 
ation  of  the  validity  of  test  procedures  involving 
vaguely  determined,  incorrect,  or  poorly- 
controlled  shock  rise-times  with  respect  to  the 
types  of  failure  (structural  deformations)  most 
sensitive  to  variations  in  this  parameter. 

For  valid  simulation  of  very  long  duration 
accelerations,  pulses  of  200  to  400  ft  per  second 
velocity  change  can  be  demonstrated  to  provide 
adequate  energy  to  show  up  any  areas  of  failure. 

* 
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SOME  SPECIAL  CONSIDERATIONS 
IN  SHOCK  AND  VIBRATION  TESTING 


Charles  T.  Morrow,  The  Ramo -Wooldridge  Corporation 


This  paper  discusses  briefly  a  number  of  special  considerations  in 
shock  and  vibration  testing,  the  philosophy  of  smooth  specifications, 
the  testing  of  components  versus  parts,  force  versus  acceleration  or 
amplitude  excitation,  and  the  single  frequency  equivalent. 


SMOOTH  SPECIFICATIONS 


The  typical  vibration  specification  is  a  simple 
statement  in  which  some  quantity  closely  related 
to  acceleration  is  kept  constant  over  a  wide 
frequency  range,  or  at  least  is  free  of  any 
abrupt  fluctuations.  A  single-frequency  sweep 
is  kept  constant  at  4  g  peak,  or  a  random  shake 
at  0.1  g2/cps.  Yet  frequency  analyses  of  serv¬ 
ice  vibrations  usually  yield  jagged  spectra. 
Why,  then,  should  our  test  specifications  be 
smooth? 

One  immediate  answer  to  this  is  that  a  test 
specification  must  above  all  permit  a  feasible 
test.  Even  if  the  service  environments  are 
known  in  detail,  there  is  a  practical  limit  to 
the  permissible  complexity  of  the  test  proce¬ 
dures  and  the  manpower  necessary  to  keep 
track  of  them  and  carry  them  out.  This  fre¬ 
quently  leads  to  tests  that  in  some  specific 
instances  may  be  unnecessarily  severe,  but  it 
is  easier  to  handle  these  through  deviations,  as 
necessary,  than  to  complicate  the  specifications. 
On  occasion  it  can  also  lead  to  testing  that  is 
in  some  sense  inadequate. 

A  second  answer  to  the  question  is  that  to 
verify  reliability  one  must  test  to  the  extreme 
service  condition,  and  what  is  a  valley  in  the 
spectrum  for  one  service  vibration  may  be  apeak 
in  another,  in  short,  one  should  test  to  an  enve¬ 
lope  of  the  service  spectra  insofar  as  possible. 


For  one  reason  or  the  other,  most  of  the 
specifications  we  write  or  work  to  will  be 
essentially  smooth,  no  matter  how  well  the 
service  environment  is  known.  There  may  be 
special  cases,  however,  where  the  fluctuations 
in  the  spectra  are  sufficiently  simple  and  the 
valleys  are  sufficiently  reproducible  to  make  a 
more  detailed  specification  useful  and  feasible. 


THE  UTILITY  OF  SPECTRA  OF  FORCE 


Vibration  specifications  are  usually  written 
in  terms  of  acceleration,  velocity,  displace¬ 
ment,  or  their  corresponding  power  spectra. 
Shock  specifications  are  likewise  written  in 
terms  of  some  function  of  acceleration.  The 
accompanying  forces  have  been  neglected.  What 
would  be  the  virtues  and  disadvantages  of  mon¬ 
itoring  the  service  vibration  in  terms  of  force 
by  means  of  a  strain  gage  at  the  mounting  points 
of  a  component,  and  simulating  on  the  vibration 
table  in  terms  of  force,  again  monitored  by 
means  of  a  strain  gage  at  the  mounting  points? 

If  the  objective  is  only  to  play  back  record¬ 
ings  of  service  vibrations  through  a  complex 
wave  system,  it  makes  little  basic  difference 
which  approach  is  taken  so  long  as  it  is  con¬ 
sistent.  Equalization  of  the  system  to  a  flat 
response,  either  with  the  accelerometer  or 
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strain  gage,  compensates  for  the  differences 
between  the  vibration  table  and  the  structure  to 
which  the  component  is  mounted  in  service,  so 
long  as  the  same  type  instrument  was  used  in 
service  to  obtain  the  vibration  recordings. 

On  the  other  hand,  if  the  objective  is  to  test 
to  a  smooth  envelope  of  the  service  spectra, 
some  questions  are  raised  about  the  loading 
effect  of  the  component  on  the  structure  sup¬ 
porting  it  in  service,  or  on  the  vibration  table, 
especially  in  the  region  of  resonances  in  the 
component  if  much  mass  is  resonating.  When 
the  component  is  mounted  to  something  rigid 
and  massive,  loading  is  slight  and  acceleration 
is  the  better  criterion.  When  the  component  is 
mounted  to  something  light  and  flexible  such  as 
the  skin  of  an  airplane  or  missile,  the  loading 
effect  tends  to  be  large,  and  force  may  fre¬ 
quently  be  a  more  realistic  criterion. 


TESTING  OF  COMPONENT  VS  PARTS 


In  specifying  tests  for  use  during  the  design 
and  development  phase,  at  least,  one  would  like 
to  require  an  envelope  of  the  service  spectra, 
and  one  would  like  to  do  this  for  components, 
assemblies,  subassemblies,  and  so  on  down  to 
parts.  But  in  practice  it  is  usually  not  feasible 
to  do  this  for  more  than  one  level  of  subdivision, 
and  more  difficult  for  parts  than  for  components. 

For  example,  with  conventional  chassis  con¬ 
struction,  it  is  frequently  not  feasible  to  pre¬ 
scribe  a  vibration  test  that  a  vacuum  tube  has  a 
reasonable  chance  of  passing,  and  that  will 
guarantee  reliability  regardless  of  the  chassis 
to  which  the  tube  is  mounted.  Of  course,  a 
partial  test  is  useful  in  insuring  that  the  part 
will  be  as  good  as  possible,  consistent  with  the 
current  state  of  technology,  but  reliability  is 
not  independent  of  the  way  in  which  the  part 
is  used. 

To  pursue  the  example  further,  a  chassis  of 
conventional  construction  subject  to  vibration 
over  a  frequency  range  up  to  500  or  1000  cps 
will  have  numerous  resonances  in  the  test  range 
that  may  or  may  not  coincide  with  resonances 
of  the  interior  of  the  vacuum  tubes.  For  sim¬ 
plicity  of  concept,  this  will  be  discussed  in 
terms  of  single-frequency  excitation,  although 
the  situation  is  similar,  if  perhaps  less  critical, 
for  random  excitation.  At  a  resonant  condition 
of  the  chassis,  an  amplification  of  50  or  more 
is  not  impossible  before  an  applied  vibration 
reaches  the  vacuum  tube. 


The  relation  between  the  chassis  specifica¬ 
tion,  the  part  specification,  the  fragility  level 
of  the  vacuum  tube,  and  the  vibration  trans¬ 
mitted  by  the  chassis  is  illustrated  in  Figure  1. 
The  vibration  conditions  specified  for  the 
chassis  and  part  are  shown  as  constant  g 
single-frequency  sweeps.  The  fragility  level 
of  the  vacuum  tube  for  a  given  frequency  may 
be  defined  loosely  as  an  applied  vibration  of 
such  severity  that,  within  some  given  short 
time,  damage  or  malfunction  will  occur.  All 
that  is  known  about  it  from  compliance  to  the 
part  specification  is  that  for  every  frequency  it 
is  at  a  greater  severity  than  that  of  the  part 
specification.  At  certain  frequencies  corres¬ 
ponding  to  resonances  within  the  vacuum  tube, 
the  fragility  level  may  be  almost  equal  to  the 
part  specification  severity.  Thevibration  trans¬ 
mitted  to  the  vacuum  tube,  when  the  chassis 
is  tested  to  its  specification,  is  shown  as  a 
jagged  curve  that  exceeds  the  severity  of  the 
part  specification  at  several  frequencies. 

If  the  fragility  level  and  transmitted  vibra¬ 
tion  are  related  as  in  Figure  1,  the  assembled 
chassis  may  pass  its  test.  However,  if  on  even 
a  small  fraction  of  the  chassis  the  chassis 
resonances  coincide  closely  with  the  vacuum 
tube  resonances,  these  chassis  may  not  pass 
test.  The  more  severe  the  part  specification  by 
comparison  with  the  chassis  specification,  the 
less  probable  this  situation  is.  But  if  no  control 
is  exerted  over  the  chassis  design,  it  may  not  be 
feasible  to  raise  the  severity  of  the  part  speci¬ 
fication  high  enough  to  prevent  failure  altogether. 
This  would  not  be  the  most  rapid  way  of  attain¬ 
ing  reliability  in  any  case.  If  the  chassis  reso¬ 
nances  were  damped  or  raised  above  the  critical 
range  for  the  vacuum  tube,  the  situation  would 
again  be  less  critical.  Damping  the  part  reso¬ 
nances  would  also  be  beneficial  if  feasible.  In 
general,  the  effectiveness  of  damping  fe  slightly 
less  for  excitation  by  random  vibration  and 
shock  than  by  sinusoids. 

It  would  be  easier  to  design  the  chassis 
properly  if  the  critical  frequencies  of  the  tubes 
and  other  parts  as  mounted  were  known,  and 
preferably  set  by  the  manufacturer  according 
to  some  appropriate  convention,  so  that  chassis 
resonances  could  be  designed  to  avoid  them. 


THE  SINGLE- FREQUENCY  EQUIVALENT 

The  final  topic  that  will  be  touched  upon 
briefly  in  this  paper  is  the  problem  of  testing 
with  a  single  frequency  sweep  when  the  vibra¬ 
tion  to  be  simulated  is  random.  Anyone  who 
has  thought  seriously  about  this  problem  will 
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Figure  1  -  Vibration  excitations  of  a  chassis  and 
vacuum  tube 


agree  that  it  is  a  messy  one,  and  not  easily 
solved  to  any  satisfaction.  The  approach  sug¬ 
gested  here  will  not  eliminate  this  aspect  com¬ 
pletely,  but  may  help  in  some  cases.  We  will 
assume  that  we  are  dealing  with  the  test  of  a 
component,  the  envelope  of  whose  service  vibra¬ 
tion  spectra  is  known  or  estimated  in  terms  of 
g2/cps  and  contains  no  sustained  sinusoids.  A 
close  simulation  is  desired. 

Probably  the  most  important  factor  here  is 
that  the  peak  applied  sinusoid  that  will  do  the 
same  damage  to  a  resonant  member  as  a  given 
power  spectral  density  in  g2/cps  is  dependent 
on  the  Q  of  the  member,  or  in  other  words  on 
the  transmissibility  of  the  part  at  resonance, 
or  on  how  sharply  it  is  tuned.  If  the  number 
of  g  is  set  appropriately  for  the  lowest  Q  in  the 
component  in  a  given  frequency  range,  it  will 
be  too  severe  for  higher  Q’ s.  If  it  is  set  accord¬ 
ing  to  the  highest  Q,  it  will  be  quite  inadequate 
for  others.  If  the  objective  is  to  attain  or  verify 
reliability,  there  is  little  choice  but  to  set  the 
single  frequency  specification  according  to  an 
estimate  of  the  lowest  Q,  or  else  if  there  are 
only  one  or  two  resonances  of  lower  Q,  test 
them  specially.  On  the  other  hand,  if  this  single 
frequency  specification  turns  out  to  be  hard  to 


meet  in  the  case  of  a  given  failure,  it  is  desir¬ 
able  that  the  program  not  be  delayed  by  this 
effort  unless  the  effort  is  essential.  It  is  desir¬ 
able  to  measure  the  actual  Q  and  frequency 
involved  in  the  failure  and  readjust  the  test 
condition  for  the  resonance  accordingly. 

Conclusion 

The  objective  of  an  environmental  test  pro¬ 
gram  is  to  maximize  the  rate  at  which  reliability 
is  obtained  in  the  various  portions  of  the  sched¬ 
ule.  Thus,  the  approach  to  environmental  test 
must  extend  in  scope  beyond  the  mere  solution 
of  academic  problems.  Gambles  must  be  taken 
from  time  to  time  beyond  the  limits  of  logic, 
and  judgment  must  be  used.  A  number  of 
special  considerations  in  shock  and  vibration 
testing  have  been  discussed  and,  it  is  hoped, 
clarified  helpfully  even  if  not  completely  solved. 

Whatever  may  be  the  shortcomings  of  envi¬ 
ronmental  test  as  practiced,  its  influence  has 
been  predominantly  beneficial.  Whatever  may 
be  its  ultimate  limitations,  it  is  certain  to 
become  of  still  greater  benefit  as  its  foundations 
are  clarified  and  its  techniques  refined. 
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DISCUSSION 


Markowitz,  ERA,  Inc.:  I  would  like  to  ask  Dr. 
Morrow  if  I  understood  him  correctly.  As  I 
gathered,  he  was  advocating  that  the  vibration 
specifications  be  set  at  a  quite  high  level  to 
insure  maximum  reliability,  and  that  in  those 
cases  where  equipment  gets  into  trouble,  which 
possibly  would  be  satisfactory  in  service  condi¬ 
tions  even  though  they  fail  to  pass  the  vibration 
test,  that  waivers  be  set  up.  That  is,  set  up  a 
military  specification  and  then  take  waivers  to 
it.  On  what  basis  can  you  establish  such  waivers 
and  who  is  to  determine  when  such  waivers 
are  justified?  Kow  can  we  further  qualify  such 
a  test  to  make  it  workable  ? 

Morrow:  Well,  waivers  to  military  specifica¬ 
tions  are  nothing  new,  and  there  are  various 
conditions  in  back  of  this.  For  example,  you 
have  something  which  fails  in  the  military  spec 
test  but  you  may  have  evidence  that  when  you 
get  it  out  in  the  field  you  don't  have  failures  on 
this  particular  part,  so  you  ask  for  a  waiver  or 
a  deviation.  There  are  various  techniques. 

Now  what  interests  me  at  the  present  time  a 
little  more  than  anything  else  is  missiles,  and 
here  in  a  sense  we  don't  work  the  military 
specifications  to  the  same  degree  as  in  the 
other  military  areas.  In  other  words,  there  is 
not  one  controlling  military  specification,  and 
what  we  usually  do  is  write  one  and  include  as 
much  as  might  be  helpful  from  some  existing 
military  specification.  In  the  case  of  a  missile, 
one  way  that  a  deviation  might  come  about  would 
be  a  comparison  of  the  test  condition  with  what 
happens  on  the  telemeter  record. 

Now,  of  course,  one  can  go  too  far.  We  can 
test  a  component  with  one  shake,  one  play-back 
of  a  missile  telemeter  record,  and  say,  "Hurray, 
we  passed  this  one.  It  will  pass  all  of  them. 
There  is  no  longer  any  need  to  pass  the 
synthetic  test."  This  is  going  a  little  bit  too 
far  because  missiles  aren't  that  reproducible. 

But  at  least  you  can  draw  certain  conclusions 
from  the  telemeter  record.  For  example,  if 
there  is  not  much  vibration  in  the  critical  fre¬ 
quency  range  wherein  the  given  component  is 
required  to  operate,  it  might  be  logical  to  con¬ 
sider  deviation.  Even  if  we  have  all  the  data 
that  we  would  like  to  have  about  missile 
vibration,  and  we  never  do,  we  still  wouldn't 
be  able  to  take  all  of  it  into  account  in  the 
specification.  We  just  plain  can't  make  the 
specification  that  complicated  and  we  do  have 
to  have  some  safety  valve  for  specifications. 


Lusser,  Redstone  Arsenal:  If  I  understood  the 
speakers  right,  their  papers  concerned  the  prin¬ 
ciple  of  production  environmental  testing,  in 
contrast  with  development  testing— the  latter 
being  fully  justified.  Production  environmental 
testing  is  supposed  to  screen  out  the  items 
which  are  unreliable  or  cannot  stand  the  condi¬ 
tion.  Those  that  pass  go  into  the  missile.  But 
in  fact,  all  the  testing  does  is  make  them  more 
susceptible  to  fatigue  and  subsequent  failure 
in  flight. 

From  the  point  of  view  of  reliability,  I  feel 
that  it  is  very  much  a  matter  of  safety  factors 
or  safety  margins  achieved  between  stresses 
and  strains.  For  instance,  the  safety  factors 
in  piloted  aircraft  are  of  the  order  of  magnitude 
of  6,  7,  10,  or  15.  I  wish  to  emphasize  that  we 
believe  the  only  way  to  achieve  the  extreme 
degree  of  component  reliability  required  in 
guided  missiles  is  to  apply  very  high  safety 
margins  on  a  statistical  basis. 

Morrow:  In  the  first  place,  I  don't  think  we 
were  talking  clearly  about  production  testing. 
None  of  us  actually  did  make  a  statement  as  to 
which  kind  of  testing  we  were  talking  about. 
The  problems  of  simulation  are  pertinent  to 
both,  although  they  have  to  be  interpreted  with 
a  slightly  different  weight. 

The  thing  which  I  had  uppermost  in  my  mind 
was  what  is  frequently  called  developmental 
testing,  and  I  would  like  to  make  a  point  here. 
Of  course  in  setting  up  a  missile  activity  we 
would  like  to  make  certain  reliabilities  maybe 
mandatory.  But  when  you  get  down  to  anything 
much  smaller  than  the  whole  missile  you  can't 
verify  these  things  very  well.  You  have  to  have 
certain  substitute  requirements  with  their  appro¬ 
priate  exceptions  that  still  can  be  demonstrated. 
Furthermore,  as  we  go  from  an  airframe  to  a 
component  we  find  that  we  pass  from  an  area 
where  design  is  relatively  easy  and  test  dif¬ 
ficult  to  an  area  where  design  is  difficult  but 
test  is  relatively  easy. 

Accordingly,  the  design  techniques  are  much 
better  developed  for  the  airframe,  whereas  it 
is  very  common  to  throw  things  together,  take 
a  chance,  try  it  out  on  the  vibration  table,  and 
patch  it  up  later  in  dealing  with  components. 
Up  to  a  point  this  is  frequently  a  saving  of  time 
because  some  of  the  things  we  throw  together 
are  so  complicated  that  a  complete  dynamic 
analysis  is  impossible.  On  the  other  hand,  I 
might  add  that  it  would  be  nice  to  know  what  to 


do  when  the  thing  falls  apart.  Sometimes  we 
don't.  But  at  any  rate,  in  terms  of  having  some¬ 
thing  that  gets  things  going  and  that  can  be 
demonstrable  within  the  present  state  of  the 
art,  we  have  to  depend  primarily  on  tests  at  the 
present  time  so  far  as  components  are  concerned. 

In  consideration  of  the  number  of  samples 
that  can  be  tested  we  have  to  put  our  factor  of 
safety  primarily  into  test  conditions  rather 
than  into  the  margin  with  which  the  thing  passes 
tests.  Not  that  test  to  destruction  beyond  the 
specification  requirements  is  not  a  good  thing. 
But  we  do  have  to  set  up  some  standard  of  what 
is  minimally  acceptable.  So  this  is  a  partial 
answer  to  your  question,  Dr.  Lusser. 

My  factors  of  safety  would  be  partly  included 
in  the  test  conditions.  However,  I  hasten  to 
add  that  I  am  very  much  in  favor  of  production 
testing.  I  lived  for  several  years  with  a  missile 
program  in  which  this  was  the  primary  type  of 
testing  that  was  carried  out.  Such  testing  is 
very  good  with  a  missile,  and  my  experience 
indicates  we  are  very  much  better  off  than  if  we 
had  nothing  at  all. 

We  might  say  that  a  watch  is  something  we 
wouldn't  test  this  way,  but  a  watch  is  a  pretty 
rugged  device,  and  frankly,  I  would  test  a 
watch  with  a  production  vibration  test  if  I 


thought  we  would  gain  enough  by  it.  It  also 
happens  that  a  watch  is  a  very  reliable  device 
so  there  is  no  need  to  test  the  watch.  But  it  is 
quite  common  in  automobile  manufacture,  for 
example,  to  have  a  guarantee  period  in  which 
we  hope  most  of  the  failures  take  place  and 
then  to  remedy  them.  We  drive  the  thing 
around,  try  to  get  as  many  miles  on  within  the 
guarantee  period  as  we  can,  maybe  so  we  get 
all  the  bugs  out,  and  if  we  are  lucky  after  that 
it  ought  to  perform  very  well. 

Likewise,  we  fly  our  missiles  within  the 
guarantee  period  before  they  have  been  shaken 
down,  and  production  testing  is  a  possible  way 
of  getting  one  a  little  bit  further  along  toward 
the  end  of  the  guarantee  period.  It  is  desirable, 
of  course,  to  use  some  moderation  in  this  kind 
of  test,  not  knock  things  apart,  but  if  something 
is  just  hanging  together  we  would  like  to  know  it. 

Lusser:  I  would  just  like  to  point  out  in  answer 
to  Dr.  Morrow  a  few  examples  to  illustrate  my 
point.  The  Bureau  of  Ordnance  conducted  a  big 
investigation  to  find  out  if  range  running  of  new 
torpedoes  did  anything  to  improve  their  relia¬ 
bility,  and  as  we  shall  hear  in  a  paper  tomorrow, 
I  believe,  similar  tests  were  carried  out  with 
vacuum  tubes.  The  results  clearly  showed  that 
production  environmental  testing  did  not  give 
any  improvement  in  reliability. 

* 
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PHILOSOPHY  IN  THE  SHOCK  TESTING  AND 


DESIGN  REQUIREMENTS  OF  SHIPBOARD  EQUIPMENT 


S.  M.  Blazek,  Bureau  of  Ships 


Questions  are  frequently  asked  about  the  meaning  of  the  shock  require¬ 
ments  of  military  specifications  for  shipboard  equipment.  The  answers 
to  these  questions  involve  a  discussion  of  the  philosophy  underlying  the 
shock  requirements,  and  a  consideration  of  the  methods  of  meeting  the 
requirements  by  laboratory  simulation  tests  or  by  calculation. 


At  past  symposiums,  papers  have  been  pre¬ 
sented  on  the  characteristics  and  magnitudes 
of  mechanical  shock  to  which  shipboard  equip¬ 
ment  could  be  subjected  during  time  of  war. 
These  papers  were  supplemented  with  high¬ 
speed  movies  showing  the  types  of  motions  and 
damages  various  items  of  equipment  experi¬ 
enced  during  controlled  underwater  explosion 
tests. 

During  the  discussions  of  the  shipboard  shock 
and  its  effects,  a  question  on  the  meaning  of 
the  shock  requirements  in  the  military  speci¬ 
fications  was  invariably  posed.  In  an  attempt 
to  answer  that  question  the  following  will  be 
presented  and  discussed  in  this  paper:  (1)  the 
philosophy  underlying  the  shock  requirements 
for  shipboard  equipment  and  (2)  the  methods  of 
achieving  these  requirements  by  laboratory 
simulation  tests  or  calculations.  In  addition, 
some  general  shock  design  considerations  will 
be  presented  to  aid  the  designers  in  obtaining 
shock  resistant  equipment. 

Mechanical  shock  is  an  undesirable  environ¬ 
mental  condition  encountered  by  the  Navy  ships 
in  performance  of  their  military  function. 
Unfortunately,  the  cause  or  initiation  of  shock 
cannot  be  eliminated  and,  therefore,  must  be 
accepted  as  one  of  the  "end  conditions"  in  the 
design  of  the  Navy  ships.  In  brief,  shock  is  a 
complex  dynamic  loading  applied  for  a  short 
time  duration,  milliseconds.  It  can  be 
generated  by: 


1.  Firing  of  the  ship's  own  guns, 

2.  An  aerial  bomb  explosion, 

3.  An  underwater  non-contact  explosion. 

The  shock  loading  initiated  by  the  underwater 
non-contact  explosion,  (3)  above,  is,  in  general, 
the  shock  considered  in  the  design  of  shipboard 
equipment  and  discussed  as  shipboard  shock  at 
these  symposiums.  This  loading  is  more  severe 
than  that  initiated  by  (1)  and  (2). 

The  dynamic  loading  associated  with  a  direct 
hit  from  an  aerial  bomb,  torpedo,  etc.,  is  not 
considered  as  one  of  the  conditions  for  design. 
The  shock  loading  and  associated  fragmentation 
in  the  immediate  localized  vicinity  of  the  direct 
hit  and  explosion  is  destructive,  but  the  effects 
are  negligible  in  the  adjacent  surrounding  areas 
of  the  ship. 

War  damage  reports  and  controlled  under¬ 
water  explosion  tests  have  shown  that  ship¬ 
board  equipment  is  more  vulnerable  to  damage 
from  shock  loadings  than  the  hulls  of  the  ships. 
This  means  that  the  ships  are  more  apt  to  be 
incapacitated  by  failure  of  equipment  than 
failure  of  the  hull  for  a  non-contact  underwater 
explosion.  Therefore,  it  is  necessary  to  im¬ 
prove  the  resistance  of  shipboard  equipment 
to  dynamic  loading  conditions— shock— in  order 
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to  increase  the  military  effectiveness  of  the 
Navy  ships. 

The  ideal  goal  which  the  Navy  is  attempting 
to  attain  in  regard  to  shock  resistant  equipment 
is  to  have  the  equipment  as  shock  resistant  as 
the  hull  of  the  ship.  That  is,  the  vital  shipboard 
equipment  should  not  fail  for  any  shock  loading 
which  does  not  rupture  the  hull  of  the  ship. 

It  has  been  shown  (War  Damage  Reports  and 
controlled  underwater  explosion  tests)  that,  in 
general,  shipboard  equipment  which  is  not  spe¬ 
cifically  designed  for  shock  fails  at  much  lesser 
shock  loadings  than  the  hull  can  withstand. 
Therefore,  it  is  necessary  to  design  shock 
resistance  into  the  equipment.  For  this  reason, 
the  shock  requirements  have  been  incorporated 
into  the  "GENERAL  SPECIFICATIONS  FOR 
SHIPS  OF  THE  UNITED  STATES  NAVY"  and 
the  individual  purchase  specifications  for 
equipment. 

The  shock  requirements  as  given  in  the 
specifications  are: 

1.  Equipment  weighing  4,500  lb  or  less  is 
required  to  pass  the  shock  test  in  accord¬ 
ance  with  the  procedures  of  military 
specifications  MIL-S-901  or  MIL-T-I7113 
for  general  equipment  and  electronic 
equipment,  respectively. 


2.  The  subbases,  feet,  hold-down  bolts  and 
main  structural  members  of  the  equip¬ 
ment  weighing  over  4,500  lb  are  required 
to  be  checked  by  standard  static  calcula¬ 
tion  methods  to  assure  that  the  stresses 
do  not  exceed  the  yield  strength  of  the 
material  using  the  appropriate  design 
factors  given  in  Figure  1  for  the  three 
principal  directions. 

The  shock  tests  are  conducted  on  either  the 
light-weight  or  medium-weight  class  HI  (High 
Impact)  shock  test  machines  following  the  pro¬ 
cedures  outlined  in  the  test  specifications.  The 
light-weight  machine  tests  equipment  weighing 
up  to  250  lb  and  applies  the  shock  loading  in 
three  directions.  The  medium-weight  machine 
tests  equipment  in  the  weight  range  of  250  lb  to 
4,500  lb  and  applies  the  shock  loading  in  only 
one  direction. 

The  details  of  the  testing  procedure  will  not 
be  discussed  herein;  instead,  the  purpose  and 
meaning  of  the  test  will  be  discussed. 

The  high- impact  shock  testing  machines  are 
used  to  determine  the  shock  resistance  of  equip¬ 
ment.  Equipment  that  passes  the  shock  machine 
test  without  damage,  structural  failure,  or  mal- 
operation,  is  labelled  shockproof  and  considered 
satisfactory  for  shipboard  installation. 


VERTICAL  (a  ATHWARTSHIPS  FOR  SUBMARINES) 
ATHWARTSHIPS  (FOR  SURFACE  VESSELS) 

FORE  ANDAFTiFOR  ALL  VESSELS) 


NOTES:  I.EQUIPMENT  IS  TO  BE  DESIGNED  TO  WITHSTAND  A  LOAD 
EQUAL  TO  THE  WEIGHT  X  THE  SHOCK  DESIGN  FACTOR 
APPLIED  AT  THE  CENTER  OF  GRAVITY  IN  THE  DIRECTION 
INDICATED. 

2.  THE  DESIGN  SHALL  BE  BASED  ON  THE  YIELD  STRENGTH 
OF  THE  MATERIAL  (0.2  X  OFFSET) 

3.  INDIVIDUAL  ITEMS  OF  AN  ASSEMBLY  MOUNTED  ON  A 
COMMON  SUBBASE  SHALL  BE  DESIGNED  TO  A  SHOCK 
DESIGN  FACTOR  BASED  ON  THE  TOTAL  WEIGHT  OF  THE 
ASSEMBLY. 


opoo 


loopoo 


Figure  1  -  High  impact  shock  design  data  for  hold-down  bolts,  feet,  and 
main  structural  members  .of  shipboard  items  of  equipment 
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When  built  during  the  early  part  of  World 
War  II,  these  machines  were  considered  to 
subject  the  equipment  under  test  to  shock 
motions  whose  nature  and  severity  reasonably 
corresponded  to  the  shock  motions  encountered 
under  the  severest  conditions  in  naval  service. 
The  data  obtained  since  then  shows  that  the 
shock  motions  of  the  machines  are  not  severe 
enough  although  the  characteristics  of  the  motion 
are,  in  general,  realistic. 

It  has  been  found  that  some  items  of  equip¬ 
ment,  which  successfully  withstood  the  shock 
generated  by  the  testing  machines,  withstood 
more  severe  shipboard  shock  conditions.  This 
is  not  an  unreasonable  expectation  since  the 
testing  procedure  only  requires  that  the  equip¬ 
ment  under  test  withstand  a  minimum  level  of 
shock  loading  and  does  not  determine  the  maxi¬ 
mum  level  of  shock  loading  that  the  equipment 
can  withstand.  No  doubt  if  a  survey  were  made 
to  determine  the  maximum  level  of  shock  sever¬ 
ity  that  equipments  passing  the  shock  test  could 
withstand,  many  items  would  withstand  much 
more  severe  shock  loadings.  This  is  not  to  be 
interpreted  to  be  a  justification  of  why  equip¬ 
ment  should  only  be  tested  to  the  severity  of 
the  testing  machine  level  and  no  more.  It  is 
only  an  explanation  why  some  equipments  with¬ 
stand  higher  shock  loadings  in  service  than  the 
shock  machine  severity. 

Since  the  shock  machines  are  expensive  to 
build  and  serve  to  establish  satisfactory  stand¬ 
ards  for  determining  "shockproof  equipments, 
no  changes  to  the  machines  are  contemplated  at 
this  time.  Instead,  effort  is  being  directed  at 
the  design  of  a  machine  capable  of  testing  equip¬ 
ment  weighing  up  to  20  tons.  The  paper  by 
Mr.  Gareau  discusses  the  status  of  development 
of  the  heavy-weight  machine. 

The  present  machines  operate  on  the  same 
principle.  The  equipment  under  test  is  secured 
in  a  manner  typical  of  its  mounting  aboard  ship 
to  an  "anvil  plate"  which  is  struck  by  a  rapidly 
moving  hammer  of  considerable  weight.  The 
resulting  motion  of  the  anvil  plate  imparts  to 
the  mounted  equipment  a  shock  motion  which 
the  equipment  should  withstand  without  failure. 

The  equipment  is  never  mounted  directly  to 
the  anvil  plate.  Equipment  is  attached  to  the 
anvil  table  by  means  of  a  standard  mounting 
adapter  on  the  light-weight  machine  and  by 
means  of  a  standard  mounting  platform  for  the 
medium-weight  machine.  It  is  the  intent  of 
these  standard  mountings  to  approximate  the 
actual  rigidity  or  the  most  rigid  mounting  on 
which  the  equipment  would  normally  be  placed 


aboard  ship.  As  an  example,  the  4A  mounting 
adapter  for  the  light-weight  machine  is  used  to 
simulate  bulkhead  mounting  of  equipment.  The 
mounting  flexibility  alters  the  input  shock  load¬ 
ing  to  equipment  and  should  be  incorporated  in 
the  shock  tests  to  simulate  shipboard  conditions. 

The  motion  experienced  by  the  anvil  plate 
during  the  test  embodies  a  suddenly  acquired 
velocity  which  continues  substantially  without 
diminution  until  the  plate  has  hit  its  arresting 
stops.  Then  it  rebounds  and  gradually  returns 
to  its  equilibrium  position.  The  impact  of  the 
hammer  against  the  anvil  plate  excites  transient 
vibration  of  the  anvil  plate  and  mounting  adapter. 
This  vibration  is  superimposed  upon  the  over-all 
motion  of  the  anvil  plate. 

On  both  machines,  it  is  required  to  test  the 
equipment  under  its  various  operating  condi¬ 
tions  which,  in  general,  are  running  and  at 
standstill.  The  reason  for  this  is  to  uncover 
any  maloperations  as  well  as  to  test  the  struc¬ 
tural  strength  of  the  equipment. 

The  test  blows  are  divided  into  three  group¬ 
ings  with  each  succeeding  group  being  more 
severe.  This  enables  the  designer  or  test  engi¬ 
neer  to  make  corrections  that  are  required 
before  severely  damaging  the  equipment  which 
could  happen  if  only  the  severe  blows  were 
applied.  It  is  not  the  intent  of  the  shock  test  to 
be  a  repetitive  or  fatigue  test. 

Light-weight  equipment  is  tested  in  three 
directions  of  equal  severity  because  it  is  not 
known  how  the  item  may  be  oriented  in  the  ship. 
The  medium-weight  shock  testing  machine  is 
a  unidirectional  machine.  This  is  not  as  serious 
a  drawback  as  it  may  seem.  In  general,  the 
orientation  of  the  heavier  items  of  equipment  on 
board  ship  is  known,  and  hence  it  is  not  neces¬ 
sary  to  test  for  the  fore  and  aft  direction  which 
is  a  direction  of  minor  loading. 

For  surface  ships,  the  vertical  direction  is 
the  most  severe  loading  with  the  athwartship 
loading  being  only  about  one-half  of  the  vertical 
loading.  In  general,  if  the  equipment  for  surface 
ship  installations  is  designed  to  satisfactorily 
pass  the  vertical  shock  test,  it  is  satisfactory 
for  the  athwartship  and  fore  and  aft  directions. 

For  submarine  equipment,  the  severity  of 
shock  loading  that  can  be  attained  for  either 
the  vertical  or  athwartship  directions  is  nearly 
the  same. 

By  virtue  of  the  general  design  procedures 
employed  in  the  shock  design  of  equipment,  the 
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equipment  passing  the  vertical  shock  test,  in 
general,  will  also  be  shock  resistant  in  the 
athwartship  direction.  Some  items  of  submarine 
equipment  are  mounted  on  angle  brackets  in 
order  to  apply  the  loading  simultaneously  in 
two  directions  when  the  shock  resistance  in  the 
horizontal  direction  is  critical. 

Since  no  shock  machines  are  available  for 
testing  items  of  equipment  weighing  over  4,500 
lb,  they  are  required  to  be  stress  checked. 
Static  calculations  are  made  using  the  shock 
design  values  obtained  from  Figure  1.  In  apply¬ 
ing  the  shock  design  factors,  only  the  hold-down 
bolts,  feet,  subbases  and  main  structural  mem¬ 
bers  are  analyzed  for  all  three  principal  direc¬ 
tions.  For  each  principal  direction,  the  static 
design  factor  is  determined  and  then  multiplied 
by  the  weight  of  the  equipment  to  determine  the 
force  which  is  assumed  to  act  at  the  center  of 
gravity  of  the  equipment  in  the  direction  con¬ 
sidered.  The  stresses  at  the  required  places 
are  then  determined  by  applying  standard  cal¬ 
culation  methods.  These  stresses  are  not  to 
exceed  the  yield  strength  of  the  material(s). 

For  a  few  critical  items  in  nuclear  sub¬ 
marines,  a  dynamic  analysis  is  required.  The 
dynamic  input  specified  in  those  cases  is  based 
on  data  obtained  several  years  ago  during  an 
intense  full-scale  testing  program.  Unfortu¬ 
nately  the  dynamic  analysis  is  complex  and 
time  consuming;  however,  it  is  worthwhile  as 
more  thorough  analysis  is  made  and  the  end 
result  is  more  reliable  than  that  obtained  from 
the  static  design  method. 

When  one  or  the  other  minimum  shock 
requirement  is  met,  namely,  passing  the  shock 
test  or  satisfying  the  stress  requirements  by 
calculations,  the  equipment  is  labelled  "shock- 
proof."  This  means  that  the  equipment  has 
incorporated  an  arbitrary  minimum  level  of 
shock  resistance.  But  it  does  not  imply  that 
the  equipment  will  withstand  all  of  the  shock 
loadings  that  can  be  encountered  on  board  ship. 

The  only  way  to  determine  this  is  to  use 
each  type  of  ship  as  a  shock  machine  subjecting 
it  to  the  maximum  shock  loading  it  can  with¬ 
stand  under  controlled  test  conditions.  Unfortu¬ 
nately,  this  is  generally  impossible. 

The  ships  under  test  during  the  controlled 
underwater  explosion  trials  are  used  as  shock 
test  machines  for  equipment  and  systems  and 
for  obtaining  data  on  the  character  and  magni¬ 
tude  of  shock  loadings. 

From  the  instrumentation  data  obtained  dur¬ 
ing  those  explosion  tests,  the  following  is 
being  done: 


1.  A  heavy  weight  shock  testing  machine  is 
being  designed, 

2.  Inputs  to  be  used  in  a  dynamic  analysis 
are  being  determined, 

3.  The  present  static  design  factors  are 
being  reviewed  and  revisions  considered. 

As  a  result,  the  static  factor  curves  for  the 
hold-down  bolts  of  submarine  equipment  will  be 
increased.  In  all  probability  the  general  cal¬ 
culation  requirements  for  submarine  equipment 
will  be  revised  in  the  near  future  after  further 
investigations  have  been  made  on  the  effects 
to  equipment  in  terms  of  cost,  time,  size, 
and  weight. 

Full-scale  tests  have  indicated  that  the 
weakest  component  of  shipboard  equipment  is 
the  hold-down  bolts.  This  certainly  is  about 
the  easiest  component  of  the  equipment  to 
strengthen. 

Since  it  is  virtually  impossible  to  design  a 
reasonable  bolting  area  which  will  not  stretch 
under  shock  loading,  designers  should  be  liberal 
and  include  more  bolt  area  than  that  just  required 
to  meet  the  minimum  shock  requirements  of  the 
specifications  by  testing  or  calculations. 

Failures  occurring  during  shock  loading  may 
be  in  the  form  of  a  structural  failure  such  as 
broken  bolts,  bent  shafts,  etc.,  or  a  malopera- 
tion  such  as  tripped  circuit  breakers,  open 
fuses,  etc. 

The  modes  of  failure  by  machinery  and 
equipment  under  shock  can  result  in: 

1.  Relative  motion  between  different  parts 
of  the  same  item.  This  may  result  in  exces¬ 
sive  strain  at  points  where  there  are  large 
bending  moments  causing  either  permanent 
distortion  at  the  parts  of  the  material,  if 
ductile,  or  fracture  of  the  parts,  if  mate¬ 
rial  is  brittle.  Also,  such  motion  may  lead 
to  failure  of  mechanisms,  collision  between 
separate  components,  crossing  or  opening 
of  contacts  which  result  in  incorrect  opera¬ 
tion  of  the  equipment. 

2.  Passage  of  stress  waves.  The  passage 
of  an  intense  stress  wave  with  its  asso¬ 
ciated  strain  through  the  material  of  any 
item  may  cause  failure  in  its  path  if  the 
stress  wave  is  of  sufficient  intensity.  In 
brittle  materials,  this  would  cause  fracture 


but  in  ductile  materials,  the  yielding 
at  any  point  in  the  path  of  the  stress 
wave  may  result  in  distortion  and  hence 
cause  malope  ration. 

The  failures  occurring  to  items  of  equipment 
during  tests  on  either  the  shock  machines  or  on 
ships  during  controlled  underwater  explosion 
tests,  is  the  result  of  poor  shock  design.  Design 
guides  are  not  listed  in  the  specifications 
because  the  purpose  of  the  specifications  is  to 
state  the  requirements  which  the  equipment 
must  meet  and  not  present  the  design  details  of 
achieving  those  requirements.  Therefore,  the 
designer's  experience  must  be  relied  upon  in 
designing  shock  resistance  into  the  equipment. 
The  following  design  guides  are  presented  for 
the  designer  to  follow  keeping  in  mind  the 
causes  of  failure  mentioned  above: 

1.  Hold-down  bolts  should  be  at  least  as 
strong  as  the  main  structural  members, 
feet,  and  their  means  of  attachment. 

2.  Split-ring  lock  washers  should  be  pro¬ 
vided  with  hold-down  bolts. 

3.  Items  should  be  secured  positively  and 
not  by  friction. 

4.  Open  slotted  holes  in  mounting  feet 
should  not  be  used. 

5.  Parts  fitting  into  sockets  or  clips  such 
as  vacuum  tubes,  fuses,  resistors,  etc., 
should  be  self-clamping  or  be  provided 
with  auxiliary  clamping  devices  to  prevent 
dislodgment  due  to  shock. 

6.  Where  alignment  must  be  maintained  be¬ 
tween  two  items  of  equipment,  the  items 
should  be  installed  on  a  common  rigid 
subbase. 

7.  If  possible,  center  of  gravity  mounting 
should  be  used. 

8.  Brittle  materials  should  not  be  used. 
Do  not  use  cast  iron.  All  materials  should 
be  capable  of  yielding  appreciably  without 
fracture. 

9.  Overhung  components  should  be  avoided; 
that  is,  avoid  canterlevering  masses. 


10.  Assembly  of  parts  requiring  a  fixed 
relation  should  be  positively  secured  to 
prevent  serious  displacement. 

11.  Pivot  parts  and  linked  mechanisms 
should  be  statically  as  well  as  dynamically 
balanced  as  far  as  possible. 

12.  For  assemblies  such  as  linkages 
attached  to  shafts,  positive  linking  or  posi¬ 
tion  means  such  as  pins  or  keys  should  be 
used.  Pressed  or  shrunk  fits  alone  usually 
are  not  sufficient. 

13.  All  latching  surfaces  of  latches  must 
be  well  fitted.  At  times,  such  latching 
surfaces  can  be  improved  by  the  use  of  a 
negative  rake  angle  so  that  slight  additional 
force  is  required  to  open  the  latch. 

14.  Do  not  mount  an  item  to  two  different 
main  structural  members  that  can  move 
relative  to  each  other. 

15.  Use  generous-size  fillets.  Avoidabrupt 
changes  in  cross  sections. 

16.  Stress  concentrations  should  be  care¬ 
fully  avoided.  This  may  be  caused  by  sharp 
corners,  sudden  changes  in  cross  sections, 
sudden  change  in  rate  of  change  of  cross 
sections,  or  sudden  changes  in  material. 

17.  Adequate  clearance  should  be  allowed 
between  fixed  and  moving  parts  and  between 
all  semi-rigid  parts  to  prevent  distor¬ 
tions  under  shock  causing  collisions,  thus 
increasing  the  risk  of  failure  or  incorrect 
operation  of  the  equipment. 

18.  Unit  constructions  should  be  used  in 
mechanisms,  i.e.,  components  should  be 
assembled  as  units  and  secured  to  common 
base  plates  or  brackets.  Parts  of  a  mech¬ 
anism  should  not  be  fixed  to  different  parts 
of  the  case. 

In  summarizing,  it  should  be  remembered 
that  items  of  equipment  are  designed  basically 
to  perform  certain  functions,  then  altered  and 
improved  upon  to  meet  the  environmental  condi¬ 
tions.  Shock  machines  are  the  best  available 
yardsticks  for  accepting  or  rejecting  items  of 
equipment  with  regard  to  shock  resistance.  The 
above  listed  design  guides,  if  followed,  would 
greatly  increase  the  shock  strength  of  equipment. 
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ENVIRONMENTAL  VIBRATION  TESTING 
FOR  SHIPBOARD  EQUIPMENT 


Edwa.rd  F.  Nconas,  Bureau  of  Ships 


This  paper  reviews  the  requirements  for  vibration  testing  of  shipboard, 
equipment  specified  under  Type  I  -  Environmental  Vibration,  in  Mli.- 
STD-167{SHIPS) .  Informationis  given  to  provide  a  better  understanding 
of  the  importance  of  environmental  testing,  and  some  of  the  reasoning 
behind  the  development  of  the  specification  is  discussed. 


INTRODUCTION 


It  is  fundamental  in  this  age  of  mechanized 
warfare  that  a  piece  of  equipment  be  able  to 
function  properly  when  needed.  This  is  equally 
true  whether  the  equipment  is  a  missile,  a  tor¬ 
pedo,  an  aircraft  engine,  or  a  gun  director.  It 
can  be  readily  appreciated,  therefore,  that  all 
military  equipment  must  not  only  perform  its 
function  but  also  must  be  able  to  perform  this 
function  in  the  environment  where  it  may  be 
employed. 

There  are  today  a  large  number  of  engineers 
in  the  Defense  Department,  in  Government,  and 
commercial  laboratories,  as  well  as  in  our  de¬ 
fense  plants  who  are  directly  concerned  with 
the  development  of  specifications  or  the  testing 
of  equipment  for  compliance  with  environmental 
requirements.  A  large  proportion  of  these  engi¬ 
neers  are  primarily  concerned  with  the  environ¬ 
mental  requirements  for  shock  and  vibration. 
To  cover  this  field  thoroughly,  we  have  had  a 
full  program  for  each  of  the  past  twenty-two 
Shock  and  Vibration  Symposia  and  will  prob¬ 
ably  continue  to  do  so  for  an  indefinite  period. 

In  this  article,  we  shall  briefly  review  the 
requirements  for  Vibration  Testing  of  Shipboard 
Equipment  as  specified  under  Type  I  -  Environ¬ 
mental  Vibration,  inMIL-STD-167(SHIPS)  issued 
20  December  1954.  Some  pertinent  information! 
will  be  given  which  may  provide  a  better  under¬ 
standing  of  the  importance  of  environmental 


vibration  testing  for  shipboard  equipment  and 
pointup  some  of  the  reasoningthat  went  into  the 
development  of  the  specification. 

In  developing  Type  I  -  Environmental  Vibra¬ 
tion,  as  given  in  MIL-STD-167,  a  conscientious 
effort  was  made  to  devise  a  test  procedure  which 
would  give  us  reason  to  believe  that  equipment 
capable  of  passing  the  specified  tests  would  be 
capable  of  withstanding  normal  shipboard  vibra¬ 
tion.  Very  briefly  then,  we  may  say  we  are 
attempting  to  simulate  shipboard  conditions. 


THE  NATURE  OF  SHIP  VIBRATION 


To  explain  properly  what  might  be  considered 
the  normal  level  of  shipboard  vibration,  it  would 
be  best  to  start  with  a  few  words  on  the  nature 
of  the  shipboard  vibration  we  are  considering. 
Fundamentally,  we  are  considering  the  hull  as 
a  vibrating  platform  to  which  we  must  attach 
our  equipment.  The  ship  as  a  whole  is  equivalent 
to  a  free-free  beam  which  has  vertical,  athwart  - 
ship,  and  torsional  natural  frequencies.  A  ship 
is  an  extremely  flexible  structure. 

The  first  frequency  is  normally  encountered 
between  1  and  2  cycles  per  second  with  the  fre¬ 
quency  of  the  higher  modes  occurring  at  approxi¬ 
mately  equal  multiples  of  the  fundamental. 
Excitation  of  this  structure  may  be  occasioned 
by  wave  slap,  unbalance  in  the  propulsion  system 
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or  hydrodynamic  forces  acting  on  the  hull  at  a 
frequency  equal  to  the  number  of  propeller 
blades  times  the  shaft  rpm. 

The  propeller  blade  frequency  is  generally 
the  predominant  one  and  determines  the  impor¬ 
tant  range  of  frequencies  to  be  considered.  Upon 
examination,  we  find  this  range  to  extend  from 
zero  to  33  cycles  per  second,  a  frequency  which 
may  be  found  on  some  of  our  late  submarines. 
Tablet  gives  the  maximum  amplitudes  expected 
for  the  ranges  of  frequencies  shown. 


TABLE  1 

Amplitudes  of  Vibration 


Frequency  Range 

Amplitude 

(cps) 

(plus  or  minus  in) 

0-5 

up  to  0.10 

5  -r  1 5 

.030 

16  -  25 

.020 

26  -  33 

.010 

These  amplitudes  were  chosen  as  being  rep¬ 
resentative  of  the  upper  values  to  be  anticipated 
in  the  main  structural  elements  of  various  ships 
in  the  fleet.  Vigness  and  Hardy  of  NRL  pre¬ 
sented  a  compilation  of  frequency  and  amplitude 
data  for  typical  naval  surface  ships  which 
demonstrates  the  reasonableness  of  the  above 
figures.  These  data  were  published  in  the  Shock 
and  Vibration  Bulletin  No.  21  of  November  1953. 

Although  research  on  excitation  of  shipboard 
vibration  is  continuously  supported  by  BUSHIPS 
and  considerable  guidance  is  given  by  the  H-8 
(Vibration  Excited  by  Propeller  Hydrodynamics) 
and  H-6  (Hydro-Structure  Vibration)  research 
panels  of  the  SNAME,  we  cannot  hope  to  elimi¬ 
nate  vibration  aboard  ship  any  more  than  we 
can  hope  to  eliminate  roll  and  pitch.  We  can, 
however,  hope  to  reduce  the  levels  of  vibration 
anticipated.  The  U.S.  Navy  Training  Film  on 
"Shipboard  Vibrations"  is  recommended  for  a 
more  complete  explanation  of  this  subject.  The 
film,  is  in  four  reels  and  is  identified  by  MN- 
9180.-A  to  D. 


THE  ENVIRONMENTAL  VIBRATION  TESTS 


Considerable  discussion  was  held  between 
representatives  of  the  Navy  Laboratories,  Naval 
Shipyards,  and  Bureau  of  Ships  to  take  full 
advantage  of  all  experience  on  this  subject  in 
developing  a  specification  which  would  serve 


our  purpose  with  a  minimum  of  alteration  to 
the  existing  test  procedures.  Basically,  MIL- 
T-17113(Ships)  was  found  to  be  reasonably 
satisfactory  for  this  purpose  and,  in  addition, 
had  been  successfully  used  for  a  number  of 
years  in  determining  the  suitability  of  many 
pieces  of  electronic  equipment.  An  attempt  was 
made,  therefore,  to  take  full  advantage  of  the 
past  experience  accumulated  by  the  laboratories 
and  bring  the  requirements  of  this  specification 
up  to  date. 

There  are  three  tests  called  for  byMIL-STD- 
167(Ships)  under  Type  I  -  Environmental  Vibra¬ 
tion:  The  Exploratory  Vibration  Test,  The 
Variable  Frequency  Test,  and  the  Endurance 
Test.  In  all  cases,  the  equipment  undergoing 
test  is  mounted  on  the  vibration  table  in  the 
manner  in  which  it  is  intended  to  be  installed 
aboard  ship.  If  it  is  furnished  with  resilient 
mountings,  it  will  be  installed  on  the  table  with 
these  mountings  attached.  The  equipment  should, 
if  possible,  be  energized  to  perform  its  normal 
function.  Each  test  will  be  conducted  separately 
in  each  of  the  three  principal  directions  of  vibra¬ 
tion  unless  this  requirement  is  modified  as 
noted  below. 

The  Exploratory  Test  is  intended  to  indicate 
the  presence  of  resonant  conditions  in  the  equip¬ 
ment  itself  or  in  its  mounting  system.  The  am¬ 
plitudes  are  purposely  reduced  to  avoid  unnec¬ 
essarily  damaging  the  equipment  during  this 
screening  phase  of  the  test  program.  The  rate 
of  change  of  frequency  during  this  test  is  suf¬ 
ficiently  low  to  permit  careful  observation  of 
the  equipment  for  selection  of  resonant  fre¬ 
quencies.  The  primary  purpose  of  this  test  is 
to  determine  the  frequency  or  frequencies  at 
which  thte  equipment  is  most  likely  to  suffer 
damage. 

The  variable  frequency  test  is  run  at  the 
estimated  service  amplitudes.  The  equipment 
is  vibrated  for  five  minutes  at  each  integral 
frequency  throughout  the  complete  frequency 
range.  This  test  is  intended  to  reveal  the 
presence  of  any  serious  resonance  in  a  fully 
enclosed  equipment  or  section  of  a  larger  piece 
of  equipment  which  cannot  be  visually  observed. 
Generally,  deficiencies  resulting  from  this  test 
will  be  noted  by  malfunctioning  of  the  equipment. 

The  endurance  test  is  a  two-hour  run  con¬ 
ducted  at  the  resonant  frequency  or  frequencies 
chosen  by  the  test  engineer  as  being  the  most 
likely  to  cause  failure. 

The  amplitudes  at  which  the  variable  fre¬ 
quency  and  endurance  tests  are  run  are  given  in 
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Table  I  of  MIL-STD- 167 (Ships)  and  corresponds 
with  Table  1  given  above,  for  frequencies  above 
5  cps.  The  specification  does  not  call  for  testing 
below  5  cps  since  very  few  items  may  be  ex¬ 
pected  to  have  resonances  below  5  cps  and  to 
extend  the  test  down  to  zero  cycles  per  second 
would  present  an  unwarranted  complication. 
Recent  missile  experience  has  indicated,  how¬ 
ever,  that  greater  attention  should  be  given  to 
this  low-frequency  range. 

It  will  be  noted  that  the  test  amplitudes 
specified  above  15  cps  have  been  reduced  from 
those  called  for  by  the  original  MIL-T-17113 
(Ships).  Although  the  frequency  range  has  been 
increased  because  of  our  new  vessels,  the  actual 
velocity  of  the  test  table  does  not  exceed  ap¬ 
proximately  3  in/sec.  The  corresponding  maxi¬ 
mum  acceleration  transmitted  is  approximately 
1.2  g. 

Although  the  "full  treatment"  is  recommended 
for  equipment  intended  for  use  on  all  types  of 
naval  vessels,  the  specification  does  provide 
for  a  limitation  on  the  upper  range  of  frequen¬ 
cies  to  be  tested  for  when  particular  items  of 
equipment  are  intended  for  limited  application. 
Thus,  equipment  intended  for  surface  vessels 
only  need  not  be  tested  beyond  25  cps.  In  like 
manner,  equipment  which  may  be  intended  solely 
for  use  on  vessels  having  a  maximum  propeller 
blade  frequency  of  15  cps  or  less,  need  not  be 
tested  beyond  15  cycles. 

To  use  this  MIL-STD  to  maximum  advantage, 
it  is  important  for  the  engineer  who  is  preparing 
the  contract  specification  for  the  equipment  to 
become  familiar  with  the  vibration  specification, 
the  intended  use  of  the  equipment,  and  previous 
experience  obtained  on  similar  items.  At  the 
discretion  of  the  Project  Engineer,  it  may  be 
possible  to  omit  certain  parts  of  the  test  proce¬ 
dure  and  still  comply  with  the  intent  of  the 
specification.  For  example,  it  is  often  possible 
to  omit  the  variable  frequency  test  or  to  use  it 
in  place  of  the  Exploratory  Vibration  Test  if 
previous  experience  on  similar  equipment  indi¬ 
cates  this  course  is  desirable.  As  another 
example,  if  an  item  to  be  tested  happens  to  be 
asymmetrical  in  two  planes,  it  may  be  possible 
to  waive  the  tests  in  one  plane. 

Unlike  the  requirements  for  the  shock  tests, 
no  particular  vibration  machines  are  called  for 
in  MIL  -STD-167(Ships).  Any  machine  capable 
of  meeting  the  test  conditions  specified,  is  ac¬ 
ceptable.  The  machine  most  widely  used  is  the 
500-lb,  positive-drive  vibration  machine  de¬ 
signed  by  Western  Electric  Company.  Unfor¬ 
tunately,  there  are  too  few  heavy  weight  vibration 


testing  machines;  machines  capable  of  handling 
equipment  of  the  order  of  5,000  lb  or  better. 
NEL  and  NRL  are  equipped  with  heavy  weight 
reaction  type  vibration  tables.  Some  jury-rigs 
employing  electrodynamic  shakers  have  also 
been  used  on  occasion. 


SERVICE  EXPERIENCE 


Of  the  various  environmental  conditions 
found  aboard  ship,  those  of  shock  and  vibration 
are  among  the  more  serious.  At  the  same  time, 
they  are  probably  the  most  difficult  to  design 
against.  The  main  reasons  for  this  are  that  the 
parameters  which  must  be  controlled  in  any 
design  are  either  too  elusive  or  possess  con¬ 
tradictory  requirements. 

Attempts  to  design  delicate  equipment  in¬ 
tended  for  shipboard  use  frequently  result  in  the 
application  of  shock  absorbing  devices  at  the 
points  of  attachment  to  the  vessel.  The  apparent 
reasoning  behind  the  selections  made  in  many 
cases  is  the  preconceived  notion  that  mountings 
are  required  to  attenuate  the  shock  loading  im¬ 
parted  to  the  equipment  by  the  specified  BUSHIPS 
shock  tests.  It  is  normally  assumed  that  such 
tests  are  by  far  the  more  damaging  to  the  equip¬ 
ment.  As  a  matter  of  fact,  it  is  easily  appreci¬ 
ated  how  the  average  designer  can  ignore  the 
importance  of  the  vibration  tests  when  he  wit¬ 
nesses  a  shock  test  on  a  piece  of  his  equipment. 

The  truth  of  the  matter  is,  however,  that  the 
incidence  of  failure  during  vibration  tests  has 
been  at  least  as  great  as  that  occurring  during 
shock  tests.  NRL  Report  4179,  "Damages  Re¬ 
sulting  from  Laboratory  Vibration  and  High  Im¬ 
pact  Shock  Tests"  by  Kenneth  E.  Woodward, 
summarizes  the  results  of  shock  and  vibration 
tests  conducted  on  some  270  individual  equip¬ 
ments.  This  report  clearly  indicates  the  need 
for  designers  to  consider  carefully  the  impor¬ 
tance  of  the  specified  vibration  requirements. 

Failure  to  pass  the  environmental  vibration 
test  usually  means  the  equipment  malfunctioned 
or  sustained  some  damage  during  the  prescribed 
tests.  Aboard  ship  deficiencies  in  equipments 
manifest  themselves  in  much  the  same  manner. 
Structural  resonances  in  items  of  equipment 
may  precipitate  major  casualties  in  the  unit  or 
result  in  its  malfunction.  Some  particular  gun 
directors  for  example  have  shown  such  charac¬ 
teristics.  Resonances  of  components  or  items 
of  equipment  installed  on  mountings  intended 
for  shock  absorption  frequently  result  in  fatigue 
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failures  of  parts  or  inefficient  operation  of  the 
item  or  the  system  in  which  the  item  is  em¬ 
ployed.  For  example,  the  exposure  of  computer 
consoles  to  prolonged  vibration  at  the  resonant 
frequencies  of  their  shock  mountings  can  readily 
result  in  damage  to  the  equipment  in  the  form 
of  loss  of  accuracy,  too  frequent  replacement 
of  components,  or  actual  fatigue  failure  of  parts. 

Up  to  this  point,  the  implication  is  that  all 
deficiencies  occurring  in  equipment  aboard  ship 
are  the  result  of  improperly  designed  equipment 
or  a  poor  choice  of  mountings.  This,  of  course, 
is  far  from  the  truth.  Much  difficulty  is  encoun¬ 
tered  due  to  improperly  installed  equipment  or 
resonances  in  the  supporting  structure. 

Structural  sections,  when  supporting  a  rela¬ 
tively  heavy  piece  of  equipment,  may  represent 
a  simple  mass-spring  system  which  has  up  to 
six  degrees  of  freedom.  Continuous  operation 
at  any  such  resonance  could  result  in  malfunc¬ 
tion  or  damage  to  the  equipment.  Fortunately, 
however,  modifications  to  eliminate  such  defi¬ 
ciencies  in  the  supporting  structure  are  usually 
amenable  to  correction  while  deficiencies  within 
the  equipment  or  the  mounting  system  furnished 
are  not  so  readily  eliminated.  Thus,  it  is  im¬ 
portant  that  the  equipment,  as  furnished,  be 
capable  of  withstanding  the  normal  level  of 
vibration  encountered  aboard  ship,  assuming  the 
equipment  is  installed  on  an  adequate  foundation. 

At  present  the  Naval  Research  Laboratory  is 
engaged  in  the  preparation  of  a  guide  for  the 
design  of  shock  and  vibration  resistant  electronic 
equipment.  This  publication  will  lean  heavily 
on  the  experiences  gained  during  past  shock  and 
vibration  testing  and  should  prove  of  significant 
value  to  manufacturers  of  such  equipment.  It  is 
primarily  for  their  benefit  that  the  publication 
is  being  prepared.  This  document  should  be 
completed  very  shortly,  providing  no  serious 
delays  are  occasioned  by  higher  priority  work. 


CONCLUSIONS  AND  RECOMMENDATIONS 


It  is  important  that  all  equipment,  structures 
or  assemblies  normally  installed  or  carried 
aboard  ship  be  capable  of  withstanding  the  envi¬ 
ronmental  vibration  conditions  normally  found 
aboard  the  ship.  This  is  equally  true  whether 
the  item  is  furnished  by  BUSHIPS  as  part  of  the 
vessel's  basic  equipment,  whether  it  is  fire- 
control  or  missile-handling  system  furnished 
by  BUORD,  or  whether  it  is  some  particular 
type  of  weapon  stored  aboard  ship  until  it  is 


needed.  Size  orweightshouldnotdeterdesigners 
from  considering  this  important  aspect  of  serv¬ 
ice  requirements.  Even  though  it  may  not  be 
possible  to  submit  some  equipment  to  the  testing 
procedure  outlined  in  MIL-STD-167,  it  is  none¬ 
theless  imperative  that  adequate  design  consid¬ 
erations  or  testing  of  subassemblies  be  under¬ 
taken  to  insure  the  equipment  not  only  remains 
intact  but  also  performs  its  function  satisfac¬ 
torily  when  installed  aboard  ship. 

One  of  the  most  frequent  questions  we  en¬ 
counter  is,  "What  types  of  equipment  should  be 
vibration  tested?"  To  this  I  would  generalize 
the  following  categories: 

1.  All  vital  ship-control  equipment, 

2.  All  fire-control  equipment, 

3.  All  communication  equipment, 

4.  All  other  electronic  equipment,  meters, 
gages,  etc. 

Ordinarily  it  is  not  necessary  to  vibration 
test  heavy  machinery  items  such  as  motors, 
generators,  pumps,  turbines,  engines,  etc. 
These  items  are  normally  sufficiently  rugged 
to  satisfactorily  withstand  shipboard  vibration. 

A  few  basic  recommendations  are  given 
which  should  be  of  value  to  the  specification 
writer,  manufacturer,  and  design  engineers  in 
obtaining  a  satisfactory  shipboard  installation: 

1.  All  equipment  and  structural  assemblies 
should  be  designed  to  withstand  the  ampli¬ 
tudes  and  frequencies  expected  aboard 
ship. 

2.  All  equipment  which  might  be  expected  to 
be  vibration  sensitive  in  the  frequency 
range  of  0  to  33  cps  should  be  vibration 
tested  if  it  falls  in  one  of  the  categories 
given  above. 

3.  On  important  items  of  equipment  vibration 
testing  should  not  be  waived  because  of  a 
shortage  of  test  facilities  in  the  higher 
weight  range.  Unless  the  requirements 
for  the  heavy-weight  test  equipment  are 
stipulated,  the  lack  of  facilities  can  be 
expected  to  continue. 

4.  Before  resilient  mountings  are  employed, 
care  should  be  taken  to  insure  they  are 
required. 

5.  If  mountings  are  required,  care  should  be 
taken  in  their  choice  and  application  to 
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insure  a  vibration  problem  is  not  being 
created  in  eliminating  a  shock  problem. 
For  further  information  on  this  subject 
see  DTMB  report  No.  880,  "A  Guide  for 
the  Selection  and  Application  of  Resilient 
Mountings  to  Shipboard  Equipment,"  by 
Francis  F.  Vane. 

6.  Equipment  normally  carried  aboard  ship 
should  be  designed  against  its  environ¬ 
mental  vibration  just  as  well  as  installed 
equipment. 

7.  When  possible,  vibration  sensitive  equip¬ 
ment  should  be  installed  in  the  center  half 
of  the  vessel  where  the  amplitudes  are 


normally  lower  than  observed  at  the  bow 
and  fantail. 

8.  Equipment  should  be  installed  on  rigid 
structural  members,  whether  or  not 
resilient  mountings  are  used. 

9.  Wider  use  should  be  made  of  vibration 
generators  during  construction  to  de¬ 
termine  the  presence  of  resonances 
which  may  be  excited  by  propeller  blade 
frequencies. 

10.  A  free  exchange  of  information  between 
shipyard  personnel  is  encouraged  to 
obtain  the  best  and  most  economical 
solution  to  shipboard  vibration  problems. 
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DISCUSSION 


Vigness,  NRL:  My  question  is,  what  is  the 
harmonic  content  of  the  waveform  of  the  vibra¬ 
tions  measured  on  board  ship?  I  think  some 
of  the  later  papers  at  this  meeting  will  show  that 
there  may  be  quite  a  little  harmonic  content  in 
vibration  machines.  I  was  wondering  whether 
we  have  a  corresponding  amount  of  harmonics 
in  the  ship  vibrations. 

Noonan:  On  board  ship  we  may  encounter  the 
fundamental  frequencies  of  the  hull  which  are 
occasioned  by  wave  slap;  a  frequency  which 
corresponds  to  shaft  rpm  for  the  first  order 
frequency  of  the  shaft;  and  the  propeller  blade 
frequency  which  is  usually  four  or  five  times 
the  shaft  frequency. 


As  a  matter  of  record,  however,  we  have 
found  out  that  in  most  cases  the  vibration 
encountered  is  predominantly  the  blade  fre¬ 
quency.  When  occasionally  we  get  a  shaft  fre¬ 
quency  superimposed  on  this,  it  is  generallyas- 
sociated  with  some  derangement  in  the  propulsion 
system  such  as  an  unbalance  or  hydrodynamic 
unbalance  in  the  propeller.  This  is  what  we  might 
call  a  deficiency,  which  we  can  track  down  and 
eliminate  in  most  cases. 

Vigness:  Could  you  say  how  sinusoidal  the  wave¬ 
forms  were? 

Noonan:  They’re  very  well  shaped  sinusoidal 
forms. 
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SIMULATING  AND  CONTROLLING 
RESPONSE  OF  A  FUZE  PACKAGE 


Raymond  W.  Warren,  Diamond  Ordnance  Fuze  Laboratories 


Two  independent  approaches  which  are  being  followed  to  obtain  informa¬ 
tion  for  designing  reliable  guided  missile  fuzes,  are  discussed.  One 
approach  determines  the  vibration  environment  of  the  fuze  in  flight  and 
attempts  to  simulate  it  in  the  laboratory.  The  other  approach  is  to  con¬ 
struct  the  fuze  to  function  reliably  under  the  full  output  of  a  vibration 
machine  while  being  swept  through  the  available  frequency  range. 


Vibration  studies  are  being  conducted  at  the 
Diamond  Ordnance  Fuze  Laboratories  to  obtain 
information  for  designing  guided- missile  fuzes 
that  will  operate  reliably  in  flight.  Two  inde¬ 
pendent  approaches  are  being  followed.  The 
first  approach  is  to  determine  the  vibration  con¬ 
ditions  in  flight,  and  to  simulate  these  conditions 
in  the  laboratory.  The  second  approach  is  to 
design  and  construct  the  fuze  so  that  it  resists 
vibration.  The  fuze  is  then  tested  to  determine 
the  conditions  under  which  it  fails. 

While  it  is  desirable  to  simulate  the  vibration 
condition  of  a  fuze  in  flight,  this  first  approach 
has  not  been  successful  to  date.  However,  as  a 
secondary  objective,  production  of  an  "equivalent 
damaging  effect"  would  be  satisfactory. 

For  these  studies  there  are  needed: 

1 .  Reliable  flight  data  on  vibration  amplitude, 
frequency,  and  phase  in  three  principal 
planes. 

2.  A  complex- wave  vibrator  for  reproducing 
the  flight -vibration  data  in  the  laboratory 
with  the  same  amplitude,  frequency,  and 
phase  in  three  planes. 

There  are  numerous  conditions  which  con¬ 
tribute  errors  to  the  "in-flight”  vibration  data 
of  the  fuze.  The  nose  of  most  missiles  moves 
in  an  elliptical  path  when  driven  by  vibration. 
The  electronic  package  of  the  fuze  is  usually 


located  in  the  nose  of  the  missile.  The  package 
frequently  has  a  rocking  mode  when  the  mounts 
cannot  be  located  properly  or  when  the  mounting 
structure  is  flexible.  The  problem  is  to  meas¬ 
ure  the  resultant  complex  acceleration  in  three 
planes,  with  an  accelerometer  which  is  sensitive 
in  one  plane  but  is  also  affected  by  accelerations 
in  other  planes.  It  is  very  difficult,  if  not  im¬ 
possible,  to  describe  the  acceleration  of  the 
fuze  with  the  one  or  two  telemeter  channels  that 
can  usually  be  used  for  vibration  information  in 
a  flight. 

The  systems  generally  used  for  obtaining  a 
record  of  in-flight  vibration  over  a  wide  fre¬ 
quency  band  have  been  investigated.  The  sys¬ 
tems  consist  of  a  barium  titanate  accelerom¬ 
eter,  a  high- impedance  cathode  follower,  a 
subcarrier  oscillator,  and  a  telemeter  on  the 
missile,  as  well  as  a  receiver  and  tape  recorder 
on  the  ground.  It  appears  that  the  minimum 
errors  in  such  systems  are: 

Amplitude  ±8%, 

Frequency  ±12%, 

Phase  ±5%  under  10  kc. 

The  maximum  error  can  be  very  large,  as 
any  microphonics  present  generally  appear  on 
the  record  as  an  increase  in  amplitude  and  fre¬ 
quency.  Work  is  under  way  to  reduce  the  micro¬ 
phonics  in  the  system  in  order  to  increase  the 
accuracy  of  the  vibration  measurements. 
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While  it  does  not  appear  that  exact  flight- 
vibration  data  can  be  produced  on  the  complex- 
wave  vibrators,  they  do  have  the  following 
advantages: 

1.  A  test  can  be  programmed  and  automati¬ 
cally  run  on  the  vibrator, 

2.  The  same  test  can  be  reproduced  when¬ 
ever  desired, 

3.  The  equipment  is  not  subject  to  random 
high  g  at  resonances. 

Carefully  controlled  conditions  are  necessary 
to  produce  a  sine  wave  on  the  object  being  vi¬ 
brated.  With  an  appreciable  load  on  the  table 
the  waveform  at  best  only  vaguely  resembles  a 
sine  wave,  and  a  few  inches  above  the  table  the 
side  motion  is  frequently  as  great  as  the  vertical 
motion.  When  vibrating  a  complex  structure,  it 
has  been  practically  impossible  to  produce  a 
sine  wave  at  a  tube  clip. 

Most  vibration  testing  is  done  under  room 
conditions,  whereas  in  flight  the  temperature, 
pressure,  and  humidity  are  always  varying. 
This  can  have  an  effect  on  the  operation  of  elec¬ 
tronic  components  during  vibration.  To  study 
these  effects  an  environmental  chamber  into 
which  the  table  of  a  3,500-lb-force  electrody¬ 
namic  vibrator  is  placed  has  recently  been 
completed  at  DOFL.  The  frequency  range  is 
10  to2,000cycles  per  second.  A  simulated  flight 
can  be  programmed  on  this  equipment  with  char¬ 
acteristics  such  as: 

Temperature  -100  to  +225°F, 

Humidity  20  to  95%, 

Altitude  Room  pressure  to  125,000  ft. 

Calibration  of  this  equipment  is  essentially 
complete  and  work  has  started  on  determining 
the  effect  of  flight  conditions  on  electronic  cir¬ 
cuits  while  being  vibrated. 

The  second  approach,  of  constructing  a  fuze 
which  will  operate  reliably  under  the  most  severe 
vibration  test  which  can  be  imposed  by  available 
equipment,  has  been  more  successful  than  dupli¬ 
cating  flight  vibration  conditions  in  the  labora¬ 
tory;  and  while  it  undoubtedly  results  in  over- 
design,  the  equipment  works  in  flight,  which  is 
most  important. 

In  general  there  are  two  types  of  malfunction 
due  to  vibration  in  fuzes: 

1.  Physical  breakage, 

2.  Microphonics  which  cause  premature 
operation  or  failure  to  operate. 


Physical  breakage  due  to  vibration  is  not 
difficult  to  control.  Microphonics  are  much 
more  difficult  to  cope  with.  As  the  major  por¬ 
tion  of  the  microphonic  effects  appear  to  orig¬ 
inate  in  the  tubes,  an  accelerometer  closely 
simulating  the  size,  weight,  and  shape  of  the 
subminiature  tube  was  developed.  This  quickly 
showed  that  with  typical  sheet- metal  and 
terminal-board  construction  and  the  usual  tube 
clips,  transmissibilities  of  10  and  20  are  not 
uncommon  at  the  tube.  Maximum  transmissi¬ 
bilities  of  5  have  been  considered  satisfactory. 

Several  possible  solutions  to  the  preceding 
problems  are  evident  from  the  graph  shown  in 
Figure  1. 

1.  Isolation  mounting, 

2.  Damping, 

3.  Natural  frequency  at  least  double  the 
forcing  frequency. 

There  are  many  combinations  and  variations  of 
these  three  approaches.  However,  considering 
the  space  limitations  on  a  guided  missile  and 
the  wide  range  of  frequencies  encountered,  it 
appeared  that  either  high  natural  frequency  or 
damping  promised  the  quickest  success,  so 
parallel  work  was  started  on  each. 

A  program  for  improving  the  vibration  per¬ 
formance  of  existing  amplifiers  was  started. 
An  i-f  amplifier  which  was  hermetically  sealed 
in  a  sheet- metal  can  was  vibrated  while  empty 
and  then  the  can  was  filled  with  silicone  oil. 
The  silicone-oil-filled  can,  when  vibrated,  re¬ 
sulted  in  a  reduction  in  microphonics.  The 
results  are  shown  in  Figure  2. 

The  action  of  the  oil  on  the  tubes  of  the  am¬ 
plifier  during  vibration,  and  determination  of 
whether  the  reduction  of  microphonics  is  due  to 
the  acceleration  and  deceleration  of  the  mass 
or  viscous  damping  has  come  in  for  consider¬ 
able  discussion.  These  problems  have  not  been 
completely  resolved.  Tests  indicate  that  use  of 
the  silicone  oil  is  more  effective  at  low 
frequency. 

It  is  difficult  to  prevent  oil  from  leaking  out 
of  a  fuze.  There  are  places  in  a  fuze  where  oil 
cannot  be  permitted,  in  addition  the  oil  also 
caused  a  frequency  shift  which,  however,  could 
be  compensated  for. 

The  next  approach  to  applying  damping  was 
to  fill  the  same  amplifier  with  hollow  ceramic 
balls  to  obtain  coulomb  damping.  The  balls 
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were  of  random  size  but  all  would  pass  through 
a  30-mesh  screen.  Their  weight  was  29  lb  per 
cu  ft.  The  results  during  vibration  are  shown 
on  Figure  3.  Unfortunately  some  of  the  clear¬ 
ances  were  only  twice  the  diameter  of  the  balls, 
so  the  damping  effect  was  limited. 

Next  a  complete  fuze  was  filled  with  ceramic 
balls,  with  the  results  shown  on  Figure  4. 

The  ceramic  balls  did  not  cause  a  noticeable 
shift  in  frequency  and  caused  no  sealing  diffi¬ 
culties.  The  damping  effect  of  the  balls  is 
more  velocity-sensitive  than  that  of  oil,  being 
less  effective  at  high  frequency. 

The  approach  used  in  designing  equipment  to 
have  high  natural  frequency  is  to  employ  alumi¬ 
num  castings  with  cored  holes  for  components. 
The  components  are  secured  in  the  holes  with  a 
rubber-base  adhesive  or  attached  with  screws. 
The  passive  components  in  the  circuit,  which 
do  not  emit  appreciable  heat,  such  as  coils, 
capacitors,  and  resistors,  are  grouped  in 


modules  and  rigidly  potted  in  epoxy  resin  (Fig¬ 
ure  5).  This  eliminates  the  conventional  ter¬ 
minal  boards  which  frequently  gave  difficulty 
because  of  resonances.  It  also  permits  packag¬ 
ing  in  a  considerably  smaller  space,  resulting 
in  no  increase  in  weight  even  though  the  unit  is 
potted. 

Considerable  hand  wiring  is  eliminated  by 
using  printed  wiring.  Dip  soldering  to  connect 
components  in  the  modules,  and  mechanized 
methods  of  assembling  the  modules,  can  be 
used. 

The  electronic  modules  are  cemented  into 
holes  in  the  aluminum  frame,  with  a  rubber- 
base  cement.  They  can  easily  be  removed  and 
replaced  through  use  of  a  few  drops  of  benzine, 
gasoline,  or  methyl  ethyl  ketone.  All  connec¬ 
tions  are  accessible  '  for  inspection,  or  are 
potted  in  plastic.  The  aluminum  frame  with  the 
holes  for  the  modules  and  tubes  can  easily  be 
cast  in  production,  eliminating  considerably 
machining.  These  components  and  an  assembly 
are  shown  in  Figure  6. 


Figure  2  -  Amplifier  vibrated  with  and  without  oil  filler 


The  subminiature  tubes  are  held  rigidly  in 
aluminum  mesh.  The  preformed  mesh  is  first 
placed  in  a  hole  in  the  structure.  A  force  of 
approximately  2  lb  is  necessary  to  insert  the 
tube  into  the  mesh.  The  response  of  the  tube  to 
vibration  when  held  in  this  manner,  is  one-to- 
one  within  the  limitations  of  measurement. 
Heat  conduction  through  the  aluminum  mesh  to 
the  aluminum  structure  is  excellent. 

Working  with  structures  that  have  a  high 
natural  frequency  and  a  transmissibility  ap¬ 
proaching  one,  it  soon  became  apparent  that  an 
accelerometer  was  of  limited  value  in  evaluat¬ 
ing  the  structure.  Also,  if  the  transmissibility 
is  low,  then  it  is  the  microphonics  or  noise  in 
the  circuit  which  becomes  of  interest. 

The  same  broad-band  amplifier  circuit  was 
used  for  evaluating  all  rigid  structures.  The 
tube  types,  tuned  transformer,  and  circuitry 
were  selected  because  of  a  history  under  vibra¬ 
tion  conditions.  The  gain  of  the  amplifier  is 
53  db. 


The  aluminum  frame  was  secured  directly 
to  the  table  of  the  650-lb-force  vibration  ma¬ 
chine  and  vibrated  from  10  to  2,800  cycles  per 
second  at  5,  10,  20  g  and  the  full  output  of  the 
machine. 

The  amplifier  on  the  vibration  table  was  fed 
with  an  r-f  signal  generator.  The  output  was 
put  through  a  vacuum  tube  voltmeter  and  re¬ 
corded  on  a  direct  reading  recorder. 

The  microphonics  generated  by  the  amplifier 
while  being  vibrated  at  various  frequencies  and 
amplitudes  is  approximately  equalto  the  micro¬ 
phonicsgenerated  by  the  rigidly  held  tubes  alone. 
The  microphonics  was  negligible  as  far  as  fuze 
operation  was  concerned  at  full  output  of  the 
vibration  machine,  which  at  many  frequencies 
was  in  excess  of  20  g. 

In  an  attempt  to  determine  the  capabilities 
of  the  electronic  modules,  they  were  mounted 
in  a  beam  with  a  natural  frequency  of  1,200  cps, 
approximating  the  natural  frequency  of  the 
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Figure  5  -  Electronic  modules 
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Figure  6  -  Modules  in  frame 


tubes.  The  beam  was  vibrated  at  86  g,  the 
maximum  that  could  be  obtained  with  the  system. 
The  microphonics  generated  within  the  system 
at  86  g  was  excessive  and  the  trace  went  off 
scale.  However,  after  vibration  ceased,  the 
unit  operated  satisfactorily.  After  continued 
vibration  at  86  g  the  circuit  operated,  but  gen¬ 
erated  more  microphonics  at  lower  g  levels 
than  it  had  previously. 

The  electrical  characteristics  of  the  unit 
were  the  same  after  10  drops  at  60  g  and  10 
drops  at  100  g. 

Figures  7  and  8  illustrate  a  simulated  ’’fuze 
structure"  designed  to  have  a  high  natural 
frequency. 


Figure  7  -  Chassis  for  modular  electronic 
circuits 


Figure  8  -  Chassis  with  modular  electronic 
circuit  in  place 


The  most  microphonics  usually  are  generated 
in  the  electron  tubes,  and  the  tube  in  the  first 
stage  of  the  amplifier  is  the  most  critical.  With 
this  interest  in  holding  tubes,  several  methods 
of  securing  tubes  in  castings  have  evolved. 

The  vibration  transmissibility  of  all  these 
subminiature  tube  holders  (Figure  9)  is  very 
close  to  one.  The  transmission  of  heat  to  the 
block  is  satisfactory  for  all  the  tube  holders. 

A  high-natural-frequency  structure  is  very 
satisfactory  for  fuze  circuits  during  vibration 
However,  in  the  case  of  a  very  weak  signal  and 
a  high-gain  amplifier,  even  when  the  transmis¬ 
sibility  is  one,  the  microphonics  may  be  exces¬ 
sive.  An  example  of  this  is  the  high-impedance 
cathode  follower  commonly  used  between  the 
accelerometer  and  the  telemeter  to  obtain 
broad-band-vibration  information  in  flight. 

When  vibration-resistant  tubes  or  transistors 

are  used,  the  microphonics  due  to  vibration  are 
reduced  though  not  eliminated.  Other  items  m 
the  system,  such  as  sometypes  of  transformers 
and  capacitors,  also  contribute  microphonics. 

Experiments  are  now  starting  on  a  low- 
natural-frequency  highly  damped  package  for 
the  components  which  produce  the  most  micro¬ 
phonics  due  to  vibration.  This  will  probably 
include  the  first  stage  of  an  amplifier.  The 
approach  appears  especially  promising  where  it, 

is  necessary toachieve minimum  microphonics. 
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Figure  9  -  Subminiature  tube  holders 


DISCUSSION 


A.  Fine,  NOL,  Corona:  I  have  a  comment.  We 
have  recently  issued  a  report,  Technical  Memo¬ 
randum  62-110  and  its  supplement.  You  will 
find  information  on  the  TERRIER  fuze  in  it,  and 
we  have  reason  to  believe  the  information  is 
correct  because  we  have  supporting  information 
from  captive  land  line,  captive  telemeter,  and 
in  flight. 

In  addition,  we  were  fortunate  in  one  test. 
The  Diamond  Ordnance  Fuze  Laboratories 
wanted  a  test  run  to  determine  the  effect  of  a 
smoke  puff  charge  on  the  fuze.  At  the  time  this 
was  run,  we  disengaged  the  piston  arm  from 
the  air  spring,  but  we  still  had  all  accelerom¬ 
eters  installed  in  the  missile.  The  effective 
force  came  from  the  forward  end  and  we  got 
the  transmission  of  the  shock  throughout  the 
entire  missile. 

In  addition  to  getting  the  information  for 
Diamond  Ordnance  Fuze  Laboratories,  we  also 
got  confirming  information  on  the  transmission 
of  the  shock  through  the  TERRIER  structure  and 
the  reliability  of  our  air  spring  system.  This 
information  on  the  fuze  is  available  and  can  be 
obtained  by  writing  to  the  Naval  Ordnance  Labo¬ 
ratories,  Corona. 


Warren:  Thank  you.  The  question  of  reliability, 
though,  runs  quite  a  bit  deeper  than  that.  You'd 
have  to  start  with  an  accelerometer  and  carry 
it  right  through  and  analyze  the  system,  and  we 
believe  that  while  we  are  getting  the  errors 
I  listed  in  the  laboratory,  in  flight  they  are 
probably  considerably  higher. 

C.  B.  Cunningham,  NRL:  This  seems  to  be  an 
"I  hate  tubes  week.”  I  wonder  if  you  contem¬ 
plated  the  use  of  transistors  and  what  luck  you 
have  had  with  them. 

Warren:  Yes,  we  have  experimented  with 
transistors  and  we  have  had  very  good  results, 
but  we  have  not  eliminated  the  microphonics 
completely.  Our  noise  levels  with  transistors 
were  down  around  5  to  7  percent  of  the  input 
signal.  The  Transistor  Section  at  Diamond 
Ordnance  Laboratories  has  recently  come  out 
with  some  new  circuits  which  I  understand  will 
be  down  around  2  or  3  percent  noise. 

We  have  also  achieved  this  with  tubes  by 
properly  mounting  them  and  by  using  acoustic 
mismatch,  having  them  in  oil,  and  various  ap¬ 
proaches  such  as  that. 


42 


J.  Markowitz,  ERA,  Inc.:  You  mentioned  that 
you  had  the  problem  not  only  with  tubes  but  with 
other  electronic  components.  And  one  possible 
solution  was  a  low-frequency  system.  What  do 
you  mean  by  "low  frequency?"  What  is  the  order 
of  magnitude?  Have  you  tried  anything  along 
those  lines  and  how  can  this  be  accomplished? 

Warren:  We  have  started  experimenting  with  it. 
We  haven't  gone  far  enough  to  have  definitive 
results.  In  effect,  in  this  system,  the  entire 
first  stage  in  the  amplifier  is  floated  in  oil. 
There  are  two  things  you  have  to  worry  about: 
metal-borne  vibration  and  airborne  vibration. 
Separating  these  is  rather  difficult,  but  once 
you  have  it  in  oil  and  there  is  acoustic  mismatch, 
there  is  a  big  improvement  over  the  airborne 
vibration.  Then  you  only  have  to  worry  about 
what  comes  to  it  through  the  metal.  In  this  case, 
it  was  arranged  on  a  diaphragm  which,  because 
of  its  section  modulus,  would  only  vibrate  in 
one  plane,  and  as  it  vibrated  it  had  to  pump  oil 
from  one  side  of  the  diaphragm  to  the  other. 
We  haven't  carried  this  far  enough  yet  but  the 
results  look  very  promising.  The  noise  levels 
were  down  around  two  or  three  percent,  although 
we  were  using  a  vibration  resistant  tube  in  that 
case;  one  of  the  best  tubes  we  could  get  our 
hands  on.  I  believe  that  was  a  6533. 

Stern,  NOL,  White  Oak:  May  I  ask  what  is  the 
frequency  of  the  diaphragm  system? 

Warren:  It  was  considerably  higher  than  we 
desired  because  the  diaphragm,  in  this  case, 
consisted  of  plastic  glass  laminate.  We  aren't 
exactly  sure  of  the  natural  frequency  of  that 
diaphragm  because  there  was  no  sharp  reso¬ 
nance.  We  feel,  though,  that  it  was  between  50 
and  100  cycles,  and  our  next  attempt  will  be  at 
a  much  lower  frequency. 

Stern:  Did  you  ever  try  using  a  rubberized  hair 
base,  or  is  it  horse  hair?  It  is  a  commercial 
material. 

Warren:  Yes.  It  appears  to  be  very  good  from 
the  standpoint  of  audio  noise,  but  it  takes  up 
considerable  space.  Our  approach  at  this  time 
is  only  to  do  this  for  the  worst  offenders,  such 
as  the  first  stage  of  an  amplifier.  Then  the 
remainder  of  the  circle  would  be  of  high  natural 
frequency  construction,  which  takes  much  less 
space  and  is  very  easy  to  construct. 

Stern:  One  other  question.  Would  you  give  a 
brief  description  of  the  chamber  you  used?  How 
do  you  control  the  pressure,  and,  if  you  do 
simulate  high  altitude,  how  you  are  able  to  cool 
or  heat  the  air  without  using  dry  ice  ? 


Warren:  This  chamber  has  a  complete  refrig¬ 
eration  system  which  goes  with  it.  It  is  able  to 
handle  the  load.  The  volume  of  the  chamber  is 
approximately  five  cubic  feet,  and  it  is  completely 
sealed  so  we  can  pump  the  pressure  down. 

Stern:  Do  you  have  a  rubber  bellows  ?  How  do 
you  seal  it  so  you  won't  get  leakage  on  the 
vibrator  table? 

Warren:  The  complete  vibrator  is  placed  in 
the  sealed  chamber.  Then  there  is  a  diaphragm 
which  is  placed  over  the  vibrator  through  which 
the  table  protrudes  so  that  we  draw  down  the 
,  pressure  on  the  whole  chamber.  The  tempera¬ 
ture  is  concentrated  in  the  top  portion  of  the 
chamber  so  that  the  heat  of  the  vibrator  doesn't 
give  us  trouble. 

R.  M.  Lambert,  NOL,  Corona:  You  mentioned 
that  you  had  used  variable  inputs  to  the  vibrator.. 
I  wondered  whether  you  had'  done  any  work  on 
complex  wave  testing. 

Warren:  We  do  not  have  a  complex  wave  vibrator 
at  Diamond  Ordnance  Fuze  Laboratories,  but 
we  are  very  interested  in  following  the  work  of 
other  people  on  that  subject.  However,  where 
we  cannot  exactly  simulate  a  flight— this  matter 
of  flight  simulation  is  always  relative.  It  ap¬ 
pears  from  the  data  we  have  that  this  simulation 
is  not  very  close  to  reality.  Regardless  of  what 
you  do  with  this  information,  if  it  is  not  reliable 
to  start  with,  it  is  not  when  you  finish.  The 
question  is,  then,  what  degree  of  unreliability 
do  you  want  to  accept?  Do  you  want  to  go  so 
far  as  the  sine  wave  shake  or  do  you  want  to 
use  a  complex  vibrator?  These  are  problems 
we  are  going  to  have  to  solve  before  we  spend 
the  money. 

Lambert:  At  this  time,  would  you  venture  any 
opinion  as  to  the  validity  of  going  to  complex 
wave  vibration? 

Warren:  I  will  state  categorically  that  you  will 
not  get  flight  simulation.  You  will  get  a  com¬ 
plex  wave  shake  but  as  I  stated,  when  we  put  an 
accelerometer  at  the  tube  clip,  we  do  not  get  a 
sine  wave.  It  vibrates  at  whatever  frequency  it 
feels  like  vibrating,  or  resonates  at  whatever 
frequency  it  wishes,  in  whichever  plane  it  wishes, 
and  with  whatever  frequency  or  wave  that  it 
cares  to  have,  and  it  is  never  a  sine  wave. 

R.  McKay,  Shock  and  Vibration  Research,  Inc.: 
Referring  to  the  last  question,  when  you  say  that 
you  put  an  accelerometer  on  this  vibrating 
device,  is  the  nature  of  the  input  excitation  to 
the  vibrating  device  a  sine  wave? 
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Warren:  Yes.  The  table  is. 

McKay:  Then  I  suggest  to  you,  sir,  that  the  use 
of  the  word  "transmissibility"  may  be  at  times 
a  little  misleading.  It  seems  to  me  from  what 
you  say  that  transmissibility,  plus  the  old-time 
word  "microphonics,"  would  be  more  indicative. 
I  think  it  is  a  question  of  frequency  resonance 
of  the  system  and  by  "system"  I  mean  the  actual 
accelerometer  that  you  are  using.  It  seems  to 


me  quite  a  good  analytical  approach  could  be 
worked  out  on  this  basis. 

Warren:  There  is  no  question  but  that  it  is  so 
with  some  of  these,  for  example,  the  accelerom¬ 
eter  which  I  cited  at  the  beginning  of  the  talk. 
However,  where  you  have  a  complex  structure 
and  a  single-degree-of-freedom  shake,  the 
analytical  approach  is  very  difficult. 

* 
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ACCELERATION  WAVEFORMS  OF  SOME 
COMMONLY  USED  MECHANICAL 
VIBRATION  TABLES 


Alexander  Yorgiadis,  Sandia  Corp. 


Experimental  acceleration-time  records  of  various  types  of  mechanical 
vibration  tables  are  presented.  In  addition  to  the  fundamental  sine  wave 
of  vibrations,  there  are  superimposed  high-frequency  random  harmonics 
which  are  of  substantial  magnitude.  These  undesirable  harmonics  were 
found  to  originate  in  gears  and  ball  and  roller  bearings,  or  other 
regions  of  repeated  localized  impact. 


INTRODUCTION 


Vibration  tables  have  been  used  for  many 
years  and  have  proved  to  be  very  valuable  labo¬ 
ratory  tools.  It  has  been  generally  accepted 
over  the  years  that  vibration  tables  perform 
well  as  long  as  they  execute  motions  of  certain 
magnitude  and  frequency,  and  as  long  as  they 
operate  without  failure  of  the  table  components. 
Little  concern  was  shown  in  studying  the  actual 
waveform  produced  by  the  table,  and  its  devia¬ 
tion  from  a  simple  harmonic  motion. 

When  vibration  tables  were  first  developed, 
the  science  of  instrumentation  was  not  advanced 
to  the  point  that  would  make  waveform  studies 
possible.  Nowadays,  however,  a  large  variety 
of  accelerometers  and  recorders  are  available 
that  can  supply  reliable  records  of  actual  accel¬ 
eration  at  the  top  of  a  vibration  table.  These 
records  are  very  useful  in  evaluating  and  com¬ 
paring  different  tables,  and  where  necessary, 
can  be  of  help  in  improving  table  performance. 
While  this  study  is  limited  to  mechanically 
excited  tables,  similar  studies  have  been  used 
in  evaluating  other  types  of  vibration  tables 
(References  1  and  2). 

Conventional  vibration  tests  are  defined 
by  specifying  the  frequency,  direction,  and 


amplitude  of  vibrations.  At  low  frequencies, 
the  amplitude  is  usually  expressed  in  terms  of 
inches  of  displacement  or  "double  amplitude." 
At  higher  frequencies,  it  is  customary  to  define 
amplitude  in  terms  of  g's  of  acceleration.  In 
both  instances  it  is  assumed  that  the  vibration 
table  produces  a  pure,  simple  harmonic  dis¬ 
placement  and  therefore  a  simple  harmonic 
acceleration  in  the  desired  direction.  It  is  also 
assumed  that  no  vibrations  exist  in  the  two  other 
orthogonal  directions.  Furthermore,  all  points 
on  the  table  top  are  assumed  to  vibrate  at  the 
same  amplitude  and  in  the  same  phase  at  all 
times,  the  table  acting  as  a  perfectly  rigid  body. 

It  is  generally  known  that  these  idealized 
conditions  cannot  be  attained  in  practice.  It  is 
simply  a  question  of  minimizingthe  undesirable 
characteristics.  In  examining  waveforms  from 
some  mechanical  vibration  tables,  it  was  ob¬ 
served  that  in  addition  to  the  fundamental  fre¬ 
quency  of  vibrations,  there  are  superimposed 
high-frequency  random  harmonics  which  can  be 
of  substantial  magnitude.  Furthermore,  these 
random  harmonics  are  not  limited  to  one  direc¬ 
tion  of  motion,  but  exist  in  all  three  directions, 
and  even  exist  when  the  machines  are  operated 
without  any  table  amplitude  at  the  fundamental 
frequency.  The  magnitude  of  these  harmonics 
varies  along  the  surface  of  the  table. 


These  harmonics  are  undesirable.  They 
subject  the  specimen  to  test  conditions  which 
are  not  specified,  and  which  do  not  probably 
exist  in  actual  service.  The  test  engineer  usu¬ 
ally  ignores  the  presence  of  these  harmonics, 
thus  reducing  the  reliability  of  the  tests,  par¬ 
ticularly  in  case  of  failure  of  the  tested  item. 


TEST  EQUIPMENT 


A  total  of  five  different  vibration  tables 
were  tested.  The  table  identified  as  Table  A 
was  a  positive-drive  type  table,  while  Tables  B, 
C,  D,  and  E  were  reaction  type  tables.  All 
tables  were  tested  with  no  specimens  or  weights 
attached  to  them  in  order  to  eliminate  the  spec¬ 
imen  as  a  variable.  It  is  expected  that  the  addi¬ 
tion  of  certain  types  of  specimens  to  the  tables 
would  improve  table  performance,  and  other 
specimens  would  have  the  opposite  effect. 

Unbonded  strain-gage  accelerometers  of 
100-g  capacity  were  used,  and  were  mounted  so 
as  to  measure  the  acceleration  in  three  mutu¬ 
ally  perpendicular  planes.  The  complete  system, 


namely,  accelerometer,  amplifier,  and  recorder, 
was  calibrated  simultaneously  and  the  over-all 
frequency  response  is  plotted  in  Figure  1.  This 
equipment  is  satisfactory  for  frequencies  up  to 
600  cps,  but  the  response  falls  off  rapidly  at 
higher  frequencies,  reaching  60  percent  at  800 
cps  and  30  percent  at  1,000  cps.  Harmonics  of 
frequency  higher  than  1,000  cps  were  observed 
in  some  tables,  and  these  were  detected  by 
means  of  crystal  accelerometers,  which  have  a 
satisfactory  response  up  to  2, 000  cps  and  beyond. 


TEST  RESULTS 


Records  were  obtained  of  acceleration  versus 
time  at  three  operating  speeds,  namely,  20,  40, 
and,  60  cps  on  Tables  A,  C,  D,  and  E.  Table  B 
was  tested  at  20,  40,  and  55  cps.  At  each  fre¬ 
quency,  records  were  made  at  the  minimum 
amplitude  setting  of  the  table  and  at  an  ampli¬ 
tude  setting  of  the  table  necessary  to  produce 
an  acceleration  of  2.5  to  5  g.  The  actual  accel¬ 
erations  used  in  each  test  are  indicated  on  the 
records.  Several  of  the  records  have  appreci¬ 
able  high-frequency  harmonic  content,  and  the 
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Figure  1  -  Frequency  response  of  strain  gage  accelerometers  and 
recording  systems  as  used  in  tests 
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magnitude  of  these  harmonics  can  be  evaluated 
by  comparing  their  amplitude  to  that  of  the  fun¬ 
damental  wave.  No  effort  was  made  to  tabulate 
quantitative  values  of  harmonic  content  because 
these  vary  greatly  from  one  location  to  another 
on  the  table  and  are  subject  to  change  with  fre¬ 
quency  and  amplitude.  Furthermore,  the  har¬ 
monic  content  isliableto  change  as  test  weights 
are  added  to  the  table.  The  results  to  be  pre¬ 
sented  are  therefore  representative  of  the  gen¬ 
eral  behavior  of  the  various  tables  tested,  but 
cannot  be  used  to  predict  the  exact  performance 
of  these  tables  under  conditions  that  are  sub¬ 
stantially  different  from  those  used  in  the  tests. 

Tests  on  Table  A  are  presented  in  Figures  2, 
3,  and  4.  Table  A  is  a  positive-drive  table, 
vibrating  in  the  horizontal  direction.  Such  tables 
are  also  known  as  direct-drive  tables.  Table  A 
has  ball  bearings  on  the  main  rotating  shaft  and 
sleeve  bearings  on  the  oscillating  shaft.  The 
machine  is  clamped  to  a  heavy  seismic  concrete 
base.  The  harmonic  content  was  relatively 
small  at  20  cps,  but  became  progressively 
greater  at  40  and  60  cps.  At  60  cps,  these  har¬ 
monics  are  estimated  at  1  to  1.5  g.  It  was 
noted  that  the  harmonics  in  the  transverse  direc¬ 
tion  are  considerably  smaller  than  those  in  the 
other  two  directions. 


Recordings  from  reaction-type  Table  B  are 
shown  in  Figures  5,  6,  7,  and  8.  This  is  a  table 
for  vibration  tests  in  the  vertical  direction.  It 
has  roller  bearings  on  the  oscillator  shafts,  but 
no  gears  are  mounted  directly  on  the  vibrating 
assembly.  The  gearing  is  located  remotely, 
and  universal  joint  shafts  are  used  to  drive  the 
oscillator  shafts.  The  bolted  aluminum  table 
structure  is  seismically  supported  and  guided 
by  means  of  rods  with  spherical  rod-end  bear¬ 
ings.  In  this  table,  very  severe  harmonics  of 
approximately  5  g  occurred  at  60  cps  at  the 
center  of  the  table. 

The  reaction-type  vibration  Table  C  is  suit¬ 
able  for  vibration  tests  either  in  the  vertical  or 
the  horizontal  direction.  The  oscillator  shafts 
are  supported  on  roller  bearings  with  bronze  re¬ 
tainers.  The  synchronizing  gears  are  mounted 
into  the  vibrating  table  structure,  which  is  a 
steel  weldment.  This  table  had  a  large  amount 
of  harmonic  content  at  all  operating  conditions, 
and  the  frequencies  of  these  harmonics  were  in 
the  range  of  600  to  2,400  cps.  Both  crystal  and 
strain-gage  accelerometers  were  used;  they 
were  mounted  at  two  different  points  on  the 
table,  namely,  in  the  middle  of  a  panel  on  the 
table  and  immediately  over  the  intersection  of 
two  stiffeners. 
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Figure  2  -  Acceleration-time  records  on  positive -drive  vibration  Table  A  at  20  cps 

with  strain  gage  accelerometers 
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Figure  3  -  Acceleration-time  records  on  positive -drive  vibration  Table  A  at 40  cps 

with  strain  gage  accelerometers 
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Figure  4  -  Acceleration-time  records  on  positive -drive  vibration  Table  A  at60  cps 

with  strain  gage  accelerometers 
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Figure  7  -  Acceleration-time  records  on  reaction-type  vibration  Table  B  at  55  cps 
with  strain  gage  accelerometers  located  to  one  side  of  table  top 
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Figure  8  -  Acceleration-time  records  at  4  g  setting  on  reaction-type  vibration  Table  B 
with  strain  gage  accelerometers  at  the  center  of  table  top 
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In  order  to  insure  that  the  observed  harmonics 
were  actually  produced  by  mechanical  motion 
of  the  table  and  not  as  a  result  of  other  effects, 
additional  accelerometers  were  mounted  on  a 
rubber  pad  on  top  of  the  table. .  This  resilient 
support  was  designed  to  have  a  natural  frequency 
of  150  cps,  so  that  the  fundamental  vibrations 
up  to  60  cps  could  be  transmitted  without  sub¬ 
stantial  change,  but  frequencies  in  excess  of 
600  cps  were  isolated. 

Records  from  Table  C  are  presented  in  Fig¬ 
ures  9,  10,  and  11.  As  expected,  accelerometer 
outputs  from  the  units  on  the  rubber  pads  show 
almost  no  high-frequency  harmonics.  The  accel¬ 
erometers  over  the  stiffeners  show  appreciable 
harmonic  content,  and  those  over  the  mid-panel 
contain  still  higher  harmonics.  Peak  harmonic 
accelerations  as  high  as  6  g  in  magnitude  were 
observed. 

One  peculiarity  of  this  table  was  that  the  har¬ 
monic  intensity  at  any  given  speed  of  operation 
was  nearly  the  same  at  all  vibration  settings. 
The  strain-gage  accelerometers  could  not  indi¬ 
cate  the  harmonics  occurring  at  40  and  60  cps 
since  their  frequency  was  very  high. 


Reaction-type  vibration  Table  D  is  a  table 
similar  but  smaller  than  Table  C,  in  which  the 
table  structure  is  made  of  bolted  aluminum 
members.  This  table  is  an  improvement  over 
Table  C.  Only  strain- gage  accelerometers  were 
used  (Figures  12,  13  and  14),  and  the  higher 
harmonics  were  attenuated  or  filtered.  For 
example,  at  20  cps  operating  frequency,  the 
harmonic  frequency  is  about  1,000  cps,  and  the 
apparent  amplitude  is  only  12  percent  of  the 
fundamental.  However,  knowing  that  the  fre¬ 
quency  response  at  1,000  cps  is  only  30  percent, 
the  harmonic  acceleration  is  actually  40  percent 
of  the  fundamental,  or,  roughly  2  g. 

Accelerometer  recordings  from  vibration 
Table  E  are  shown  in  Figures  15  to  18  inclusive. 
This  is  a  horizontally  vibrating  table,  using 
sleeve  bearings  to  support  the  oscillator  shafts. 
The  gearbox  is  supported  remotely,  and  the 
oscillator  shafts  are  driven  through  rubber 
couplings.  The  vibrating  assembly  is  a  steel 
weldment  guided  by  means  of  metal  flexures. 
A  heavy  seismically  supported  base  absorbs  the 
reaction  moment  and  stabilizes  the  vibrating 
assembly.  The  records  obtained  on  this  table  in¬ 
dicate  that  it  is  practically  free  of  high-frequency 
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Figure  9  -  Acceleration-time  records  on  reaction-type  vibration  Table  C  at  20  cps 

in  direction  of  required  vibration 
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Figure  10  -  Acceleration -time  records  on  reaction-type  vibration  Table  C  at 
40  cps  in  direction  of  required  vibration 


harmonics.  Furthermore,  no  vibrations  were 
detected  in  directions  other  than  those  required. 
Figure  18  shows  some  records  obtained  with 
crystal  accelerometers  mounted  in  the  same 
manner  as  those  used  with  Table  C.  Even  sen¬ 
sitive  crystal  accelerometers  could  not  detect 
appreciable  high-frequency  harmonics  in  this 
table. 


CONCLUSIONS 


1.  Most  mechanical  vibration  tables  gener¬ 
ate  high-frequency  harmonic  vibrations 
in  addition  to  the  desired  fundamental 
mode  of  vibrations. 

2.  These  high-frequency  harmonics  can  be 
measured  ,with  strain-gage  type  acceler¬ 
ometers  or  crystal  accelerometers. 

3.  These  high-frequency  harmonics  can 
exist  in  all  three  planes  even  though  the 


table  is  intended  to  vibrate  only  in  one 
direction. 

4.  In  general,  the  intensity  of  these 
harmonics  increases  with  operating 
frequency. 

5.  The  harmonic  content  is  usually  greater 
at  the  middle  of  panels  on  the  table  than 
over  the  table  stiffeners. 

6.  Tables  which  include  gears  and  ball  or 
roller  bearings  in  the  vibrating  structure 
produce  a  substantial  amount  of  these 
undesirable  harmonics.  Oscillators  using 
only  sleeve  bearings  and  no  gears  are 
practically  free  of  such  harmonics. 

7.  The  high-frequency  harmonics  appear  to 
be  caused  by  localized  impact  in  such 
parts  as  balls,  rollers,  or  retainers  in 
antifriction  bearings  and  in  meshing  gear 
teeth.  The  harmonics  are  amplified  as  a 
result  of  "ringing"  of  panels  on  the  table 
structures,  which  usually  have  very  low 
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Figure  17  -  Acceleration-time  records  on  reaction-type  vibration  Table  E  at 
60  cps  with  strain  gage  accelerometers 


damping  properties.  The  film  of  oil  in 
sleeve  bearings  acts  as  a  cushion  and 
does  not  produce  such  high-frequency 
harmonics. 
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DISCUSSION 


Seely,  NOL,  White  Oak:  On  these  harmonics, 
I  submit  that  they  are  not  always  undesirable. 
For  example  when  you  have  testing  which  can 
only  be  done  on  mechanical  vibrators,  these 


harmonics  may  well  be  a  test  of  the  large 
objects  at  the  higher  frequencies.  The  prob¬ 
lem  lies  not  in  their  existence  but  in  lack  of 
control. 
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Figure  18  -  Acceleration-time  records  on  reaction-type  vibration  Table  E  with 

crystal  accelerometers 


Yorgiadis:  Something  which  is  not  specified  in 
the  test  is  usually  something  you  do  not  want. 
If  you  have  to  test  to  1  g  at  low  frequency  and 
if,  in  addition,  you  have  5  g's  of  high  frequency 
which  you  cannot  remove  during  your  test,  then 
it  seems  to  me  that  that  is  something  you  really 
do  not  desire.  On  the  other  hand,  I  can  see  that 
if  you  want  both  high  and  low  frequencies  mixed 
together  in  a  test,  and  if  you  could  adjust  both 
of  these  to  the  values  you  want,  that  would  be 
desirable.  However,  in  the  tests  where  I  have 
experienced  these  high  frequencies,  they  were 
not  something  that  was  wanted  and  if  the  choice 
had  been  available  to  us  we  would  have  elimi¬ 
nated  or  minimized  them. 

Sanders,  Bendix  Aviation:  Have  you  run  any 
tests  of  a  similar  nature  on  electrodynamic 
shakers  ? 

Yorgiadis:  We  have  run  some  tests  but  did  not 
include  them  in  this  paper.  Of  course  the  elec¬ 
trodynamic  shaker  does  not  have  any  gears  or 
bearings,  so  when  you  get  distortion  it  is  due  to 
other  effects,  mostly  at  high  frequencies  and 
approaching  the  limits  of  the  equipment  in  the 


sense  that  localized  resonance  occurs  in  the 
machine  or  specimen.  Any  distortion  in  the  sine 
wave  vibration  is  usually  small  and  the  majority 
of  the  frequencies  will  be  amplified  even  if  one 
of  the  harmonics  in  the  exciting  signal  coincides 
with  the  natural  frequency  of  a  particular  part 
of  the  table.  The  result  might  be  to  have  third 
and  second  harmonics  mixed  up  at  certain  points 
on  the  table,  but  the  nature  of  these  harmonics, 
at  least  in  our  tests,  did  not  anywhere  near 
approach  the  nature  of  the  records  we  have  just 
seen. 

Seaman,  BuShips:  The  speaker  raises  a  very 
good  point  on  the  high-frequency  problem  in 
most  of  these  mechanical  shakers.  I  think  that 
some  thought  might  be  given  to  the  incorporation 
of  mechanical  filtering,  such  as  a  high-frequency 
mounting,  in  order  to  eliminate  some  of  this 
high  frequency,  particularly  if  you  do  not  want 
it  on  the  test  equipment.  We  can't  scrap  all 
our  mechanical  shakers. 

Yorgiadis:  That  is  precisely  what  we  were  try¬ 
ing  to  show  when  we  mounted  the  accelerometer 
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on  rubber  pads.  It  does  not  seem  to  be  difficult 
to  isolate  frequencies  over  about  600  cps  on 
heavy  stuff.  I  think  any  type  of  isolating  device 
would  eliminate  them  and  yet  would  transmit 
without  much  amplification  the  frequencies 


between,  say,  10  and  60  cps.  I  believe  that 
anybody  concerned  with  this  high  frequency, 
who  has  an  idea  it  might  be  doing  some  damage 
other  than  desired,  should  have  no  difficulty  at  all 
in  mounting  the  test  object  on  a  seismic  mount. 


THE  NEED  TO  CONTROL  THE  OUTPUT  IMPEDANCE 
OF  VIBRATION  AND  SHOCK  MACHINES 


Machines  for  simulating  shock,  sinusoidal  vibration,  and  random 
vibration  are  usually  designed  to  duplicate  the  envelope  of  typical  field 
motions  regardless  of  the  mechanical  impedance  of  the  item  under  test. 
This  neglect  of  the  effects  of  impedance  generally  leads  to  tests  of  real 
equipment  which  are  far  more  severe  than  any  field  conditions. 


R.  E.  Blake,  NRL, 


The  purpose  of  this  paper  is  to  stimulate 
more  interest  in  the  problem  of  simulating  the 
output  impedance  of  equipment  foundations  in 
vibration  or  shock  tests.  There  is  a  superficial 
appearance  that  this  is  not  a  problem  today 
because  of  the  fact  that  output  impedance  is 
seldom  mentioned  in  reports  of  current  work. 
However,  it  is  probably  more  correct  to  say 
that  the  people  who  have  thought  about  the  prob¬ 
lem  have  decided  that  it  is  complex,  that  a 
great  deal  of  data  is  required  to  do  anything 
about  it  in  a  practical  way,  and  that  present 
machines  err  on  the  conservative  side. 

This  is  a  sound  interim  solution  of  the  prob¬ 
lem  as  it  shapes  up  to  accomplish  the  practical 
test  work  of  the  day.  Unfortunately  interim 
solutions  tend  to  perpetuate  themselves  unless 
the  shortcomings  of  these  stopgaps  are  kept  in 
mind.  Therefore,  in  spite  of  the  fact  that  this 
paper  does  not  solve  the  problem,  it  serves  the 
useful  purpose  of  bringing  the  flaws  of  our 
present  practice  into  sharper  focus. 

The  output  impedance  of  a  vibration  table  is 
the  measure  of  its  ability  to  maintain  nearly- 
constant  table  amplitude  in  spite  of  the  reaction 
forces  of  the  equipment  being  vibrated.  Output 
impedance  is  the  ratio  of  the  force  exerted  on 
the  table  to  the  change  in  table  vibrational  veloc¬ 
ity.  In  general,  impedance  is  a  function  of  fre¬ 
quency.  It  can  be  measured  easily  by  observing 
the  effect  of  adding  a  known  mass  to  a  vibrating 
table  or  the  effect  of  applying  sinusoidal  force 
to  the  table. 

A  direct-drive  vibration  machine  has  a  high 
output  impedance  because  it  maintains  a  preset 
amplitude  even  whpn  resonance  of  equipment 
under  test  produces  a  high  inertia  reaction. 


The  electromagnetic  machines  or  the  ones 
shaken  by  rotating  eccentric  weights  do  not 
have  an  inherently  high  impedance.  But  if  the 
amplitude  falls  off  due  to  resonance  of  the  test 
structure,  it  may  be  restored  manually,  or  by 
automatic  feed-back  control,  in  many  machines. 

Now  every  foundation  for  equipment  in  a  ship, 
plane,  rocket,  or  anything  else  which  vibrates 
has  its  own  characteristic  impedance  as  a  func¬ 
tion  of  frequency.  Unfortunately,  it  has  not  been 
customary  in  the  past  to  measure  impedance, 
although  we  have  made  many  measurements  of 
foundation  vibration  amplitude  as  a  function  of 
frequency.  If  one  measured  the  vibration  in  an 
airplane,  for  example,  he  might  obtain  the  lower 
curve  sketched  on  Figure  1.  The  amplitude 
executes  a  series  of  ups  and  downs  as  a  function 


FREQUENCY 


Figure  1  -  Vibration 

amplitude  -frequency 
curves 
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of  frequency;  the  high  points  are  at  several  times 
the  level  of  the  low  points. 


This  sort  of  data  has  been  gathered  from 
several  locations  in  a  great  many  aircraft  and 
it  is  the  usual  practice  to  plot  all  the  data  as  a 
"flyspeck  plot"  on  one  sheet  in  the  manner 
shown  on  the  graph.  The  next  step  is  to  draw 
a  smooth  envelope  which  is  higher  than  practi¬ 
cally  all  of  the  points  and  to  use  this  as  the 
specification  for  laboratory  tests  of  aircraft 
equipment.  Usually  a  piece  of  equipment  must 
be  tested  for  possible  service  in  any  one  of  a 
number  of  airplanes,  or  in  some  airplane  which 
has  not  yet  flown.  Very  rarely  do  we  know  the 
actual  vibration  curve  which  the  equipment  will 
experience  in  service. 

Suppose  that  the  equipment  which  was  on  the 
foundation  when  this  lowest  curve  was  measured 
were  to  be  subjected  to  the  laboratory  vibration 
test.  The  amplitude  at  some  point  in  the  equip¬ 
ment  itself  can  be  expected  to  vary  in  some 
fashion  like  the  curve  marked  "Response." 
There  will  be  resonant  frequencies  at  which  the 
equipment  amplitude  becomes  very  high,  and 
danger  of  failure  is  greatest.  At  these  resonant 
frequencies  the  inertia  reaction  against  the  table 
is  also  a  maximum;  in  fact,  a  resonating  mode 
of  vibration  of  an  equipment  acts  just  like  the 
vibration  absorber  which  is  discussed  in  most 
texts  on  vibration.  Unless  the  output  impedance 
of  a  foundation  is  very  high,  the  vibration  ab¬ 
sorber  effect  produces  a  pronounced  dip  in  the 
foundation  amplitude.  This  has  been  indicated 
by  showing  low  foundation  amplitudes  at  the 
resonant  frequencies  of  the  equipment.  Here  is 
the  thing  about  the  laboratory  test  which  is  dis¬ 
turbing.  At  the  frequencies  where  damage  is 
most  likely,  the  table  amplitude  is  kept  high 
even  though  the  actual  foundation  amplitude  would 
drop  to  a  much  lower  value. 

The  laboratory  test  level  was  not  determined 
by  the  foundation  amplitude  at  the  resonant  fre¬ 
quencies  of  the  equipment  but  by  the  peaks  of 
foundation  amplitude.  Except  for  the  possibility 
that  the  force  causing  the  vibration  reached  a 
peak  of  foundation  amplitude  can  be  attributed 
to  a  resonant  frequency  of  the  combined  airplane- 
equipment  structure.  But  the  outstanding  char¬ 
acteristic  of  a  resonance  condition  is  that  only 
a  small  force  can  produce  a  large  amplitude;  in 
other  words  the  impedance  of  the  foundation 
(with  the  equipment  in  place)  is  a  minimum  at 
this  frequency.  This  infers  that  any  change  in 
the  equipment  which  changes  its  inertia  reaction 
would  have  a  pronounced  effect  on  the  foundation 
amplitude  at  this  frequency.  This  apparent 


"softness"  of  the  resonant  peaks  is  perhaps  a 
little  misleading. 

If  the  response  in  the  equipment  to  the  foun¬ 
dation  motion  shown  in  Figure  1  were  plotted 
we  would  find  that  the  peaks  of  equipment  re¬ 
sponse  coincided  in  frequency  with  the  peaks  of 
foundation  amplitude.  But  the  ratio  of  equip¬ 
ment  amplitude  to  foundation  amplitude  at  these 
peaks  would  be  much  smaller  than  was  found  in 
the  laboratory  test  because  the  frequency  is 
different.  Thus  it  appears  that  our  laboratory 
test  machines  are  often  much  more  violent  than 
the  foundations  which  are  to  be  simulated.  This 
is  due  to  our  failure  to  duplicate  the  effect  of 
foundation  impedance. 

It  can  be  argued,  correctly,  that  exceptions 
to  this  dip  in  foundation  amplitude  will  occur  if 
the  foundation  impedance  is  very  high.  Since 
the  impedance  to  be  encountered  in  service  can 
seldom  be  known  when  a  laboratory  test  is  run, 
the  safest  thing  to  do  is  to  use  an  infinite  table 
impedance— as  we  do  now.  I  see  no  alternative 
at  present  to  the  practice,  which  Dr.  Morrow 
described  in  an  earlier  paper  as  "filling  in  the 
valleys,"  at  least  so  far  as  vibration  work  is 
concerned.  Nevertheless,  our  present  practice 
is  not  very  satisfactory,  since  we  can  show  that 
our  tests  are  much  more  severe  than  might  be 
necessary  if  we  understood  the  effects  of  imped¬ 
ance  better.  We  should  not  give  up  without  a 
struggle;  and  it  seems  that  the  struggle  to  simu¬ 
late  the  effects  of  output  impedance  is  yet  to  be 
made. 

So  far,  the  discussion  has  referred  only  to 
sinusoidal  vibrations,  but  the  arguments  apply 
as  well  to  the  random  vibrations  which  have 
become  important  in  missile  work.  The  trans¬ 
mission  of  random  vibration  in  a  structure  is 
directly  related  to  the  behavior  under  sinusoidal 
vibration,  as  Mr.  Crede  pointed  out  in  his  paper, 
and  the  effects  of  foundation  impedance  are  very 
much  the  same.  When  we  plot  spectral  density 
curves  from  a  variety  of  rockets  on  one  graph 
and  draw  an  envelope,  we  are  just  as  likely  to 
be  over  conservative  as  we  were  in  drawing  an 
envelope  for  sinusoidal  vibrations. 

This  discussion  of  vibration  output  impedance 
is  based  only  on  theory.  There  has  not  been 
any  experimental  work  as  yet;  but  it  has  only 
been  argued  that  here  is  a  subject  deserving 
further  exploration  both  in  theory  and  experi¬ 
ment.  This  study  of  vibration  impedance  was 
actually  a  by-product  of  a  very  similar  prob¬ 
lem  which  arose  from  our  work  on  shock  in 
submarines. 


60 


The  theory  of  the  effect  of  output  impedance 
on  shock  has  not  been  completely  worked  out; 
in  fact  there  isn't  even  a  word  for  an  impedance 
effect  in  the  parlance  of  shock.  This  looked  to 
us  like  an  opportunity  to  coin  a  resounding  new 
word  to  add  to  the  vocabulary  of  shock,  but  we 
came  back  to  using  output  impedance  itself  be¬ 
cause  of  a  hunch  that  sooner  or  later  a  student 
of  Fourier  transforms  will  show  that  vibration 
and  shock  impedance  are  fundamentally  the 
same  thing. 

Although  shock  output  impedance  cannot  be 
defined  or  explained  exactly,  there  is  some 
experimental  evidence  that  it  is  real.  This 
evidence  appeared  in  the  shock  spectra  meas¬ 
ured  on  the  foundations  of  some  rather  heavy 
equipments  which  were  installed  in  submarines 
for  underwater  explosion  tests.  A  distinct  dip 
in  spectrum  amplitude  was  found  to  coincide 
with  natural  frequencies  of  the  equipment.  In 
order  to  show  why  this  was  so  interesting  to  us, 
it  is  necessary  to  fill  in  some  background. 

Most  of  our  understanding  of  what  happens 
to  the  structure  of  a  piece  of  equipment  when 
its  foundation  goes  through  a  shock  motion  (or 
a  vibration)  is  contained  in  the  normal  mode 
theory  of  shock  response  of  a  multi-degree-of- 
freedom  structure.  Equation  (1)  is  a  result  of 
this  theory.* 
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It  gives  the  stress,  a,  at  some  point  i  in  the 
structure  as  a  function  of  time,  t.  Fortunately 
it  is  not  necessary  to  go  into  too  much  detail 
about  this  rather  complex  looking  expression 
except  to  say  that  it  is  a  series  of  terms;  there 
is  one  term  for  each  normal  mode  and  natural 
frequency  wn  of  the  structure.  The  expression 
within  the  brackets  is  determined  entirely  by 
the  characteristics  of  the  structure;  the  mass 
distribution,  m,  the  normal  mode  shape,  4>n,  and 
the  stress,  ain,  which  accompanies  vibration 
in  the  mode  shape,  4>n. 

The  remaining  portion  of  each  term  is  a 
function  of  the  acceleration,  x„,  of  the  equipment 
foundation  and  the  natural  frequency,  «n,  of  the 
mode.  So  in  order  to  be  able  to  calculate  stress 
in  an  equipment  subject  to  a  motion  of  its  foun¬ 
dation,  we  must  know  the  value  of  these  inte¬ 
grals  for  the  natural  frequencies  of  the  equip¬ 
ment.  The  integrals  could  be  evaluated  by  some 

*R.  E.  Blake,  and  E.  S.  Swick,  "Dynamics  of 
Linear  Elastic  Structures,"  NRL  Report  4420 
of  7  Oct  1954. 


form  of  analog  or  computer,  but  the  most  direct 
method  is  to  take  advantage  of  the  fact  that  the 
equation  for  the  deflection  d  of  a  very  simple 
mass-spring  structure  is  a  simplified  version  of 
the  equation  just  shown.  Infact,  d  (Equation  (2)), 
is  identical  to  the  quantity  which  we  wanted  to 
evaluate. 


sin  un(t  -  t)dx 


max 


(2) 


We  can  place  an  instrument  called  a  reed 
gage,  or  shock  spectrum  recorder,  beside  the 
equipment  on  its  foundation,  and  measure  the 
deflection,  d,  of  the  different  mass-spring 
elements  in  the  gage.  These  deflections  are  a 
function  of  natural  frequency  and  give  us  the 
data  needed  to  compute  stress  in  the  equipment 
structure.  A  plot  to  maximum  reed  response, 
d ,  as  a  function  of  natural  frequency  is  a  "shock 
spectrum." 


During  recent  underwater  explosion  tests  of 
submarines  in  Chesapeake  Bay,  shock  spectra 
were  measured  at  several  equipment  founda¬ 
tions.  Then  the  spectra  were  divided  into  classes 
in  which  each  class  represented  nominally  simi¬ 
lar  equipment  locations.  For  example,  Figure  2 
is  a  set  of  spectra  obtained  for  a  class  defined 
as  "shock  motion  normal  to  the  hull  for  founda¬ 
tions  attached  directly  to  the  hull  and  supporting 
equipment  weighing  1,000  to  8,000  pounds." 


Figure  2  -  Shock  spectra  from  similar 
locations  in  a  ship 


These  spectra  formed  a  loosely  correlated 
group  which  showed  significant  differences  ia 
level  from  classes  based  on  other  criteria.  But 
one  should  not  expect  there  to  be  any  precise 
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agreement  among  the  spectra  of  a  class— and 
there  was  not.  Next,  to  define  a  conservative 
shock  spectrum  for  laboratory  tests,  or  for 
design,  we  drew  in  a  90  percent  fiducial  limit 
curve,  which  is  a  smooth  curve  lying  above  90 
percent  of  the  data  points. 

When  we  tried  to  design  equipment  to  with¬ 
stand  this  90  percent  limit,  however,  we  ran 
into  a  real  difficulty.  The  level  was  very  severe 
and  it  was  possible  to  prove  that  very  few  prac¬ 
tical  shapes  of  mild  steel  structure  could  be 
designed  to  undergo  the  90  percent  fiducial 
limit  shock  without  severe  permanent  distortion. 
It  was  therefore  a  real  mystery  that  so  many 
mild  steel  structures  came  through  the  shock 
test  with  no  apparent  damage.  We  could  think 
of  many  partial  explanations  but  none  were  found 
adequate  to  close  the  gap  until  we  started  cal¬ 
culating  natural  frequencies  of  some  of  the 
equipments  which  had  been  on  the  foundations. 


cases  for  which  calculations  could  be  made, 
two  more  will  be  shown.  Figure  4  is  the  spec¬ 
trum  at  the  foundation  of  the  same  equipment 
as  Figure  3  except  that  Figure  4  is  for  athwart  - 
ships  shock  motion.  Again  there  is  a  dip  in  the 
spectrum  and  pretty  good  agreement  with  the 
calculated  point. 


Figure  3  shows  the  spectrum  at  the  founda¬ 
tion  of  a  very  heavy  equipment  mockup  which 
was  essentially  a  single-degree-of-freedom 
system.  The  fundamental  natural  frequency,  uin, 
of  that  structure  was  calculated  and  was  found 
to  coincide  with  the  abrupt  dip  in  the  spectrum. 
A  strain  gage  on  the  structure  enabled  us  to  use 
the  equation  for  stress  (Equation  (1))  to  compute 
the  shock  spectrum  value  needed  to  predict  the 
stress  that  was  measured.  The  calculation 
yielded  the  point  shown,  which  confirmed  the 
frequency  calculation  in  showing  that  the  only 
3pectrum  value  which  had  real  meaning  for  this 
equipment  was  relatively  low. 

There  is  not  too  much  additional  data  to 
confirm  this  shock-output  impedance-effect  be¬ 
cause  we  did  not  set  out  to  study  it  when  the 
experiments  were  planned.  From  the  few  other 


Figure  3  -  Vertical  shock  spectrum  at 
foundation  of  37,000 -lb  structure 


Figure  4  -  Athwartship  shock  spectrum  of 
foundation  of  37,000-lb  structure 


The  last  figure,  number  5,  is  for  an  essenti¬ 
ally  two-degree-of-freedom  structure.  Here 
we  see  the  two  natural  frequencies  and  the  cal¬ 
culated  points  coinciding  with  two  low  points  of 
the  spectrum. 


Figure  5  -  Vertical  shock  spectrum  at  founda¬ 
tion  of  31,000-lb  structure 


These  data  show  that  the  inertia  reaction  of 
an  equipment  is  quite  selective  and  subtle  in  its 
effect  on  the  foundation  shock  motion.  The 
effect  is  pronounced  only  for  the  shock  spectrum 
values  which  apply  to  the  equipment  itself, 
namely  those  for  the  natural  frequencies  of  the 
equipment.  When  the  90  percent  fiducial  limit 
curves  were  computed,  we  used  spectrum  values 
whether  they  corresponded  to  equipment  reso¬ 
nances  or  not.  The  high  points  which  actually 
determined  the  90  percent  limit  are  therefore 
not  at  all  representative  of  the  spectrum  values 
appropriate  to  the  design  and  test  of  heavy 
equipment. 
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In  simulating  shock  on  submarines,  the  need  In  concluding  it  must  be  admitted  that  more 

to  duplicate  the  output  impedance  of  foundations  questions  were  brought  up  than  were  answered, 

is  more  pressing  than  in  simulating  vibration.  It  is  too  early  yet  to  say  how  much  progress  we 

The  envelope  of  measurements  which  neglects  can  make  toward  understanding  and  simulating 

the  valleys  of  shock  spectra  promises  a  test  the  output  impedance  of  foundations.  After 

which  will  be  very  hard  to  pass.  In  this  case  all,  nobody  has  yet  made  any  measurements 

the  factor  of  safety  would  be  too  big  to  live  with,  to  show  the  impedance  curves  of  typical 

so  we  must  find  a  way  to  cut  down  the  factor  foundations, 

without  also  reducing  the  safety. 


DISCUSSION 


C.  E.  Crede,  Barry  Controls:  The  purpose  of 
Mr.  Blake’s  paper  was  to  bring  this  problem 
into  sharper  focus  and  I  feel  sure  that  the  sub¬ 
ject  matter  is  one  that  is  going  to  receive  a 
great  deal  more  attention  as  the  science  of 
environmental  simulation  becomes  more 
sophisticated. 

Mr.  Blake  brought  out  one  point  that  I  think 
should  be  emphasized  a  little  bit  more  because 
it  may  suggest  something  to  somebody  that 
might  throw  a  little  more  light  on  the  subject. 

In  the  first  slide  a  curve  was  shown  of  the  envi¬ 
ronment  as  measured  in  aircraft,  a  plot  of  the  Blake:  Thank  you.  One  method  of  doing  this 

amplitude  versus  the  frequency,  and  it  was  was  to  install  a  weight  of  known  mass  and  meas- 

pointed  out  that  if  you  change  the  impedance  of  ure  the  vibration  amplitude,  then  change  that 

the  structure  or  of  the  equipment  that  that  mass  and  measure  the  change  in  amplitude  of 

structure  supports,  it  would  drastically  change  vibration.  You  don’t  have  to  bring  in  a  shaker 

the  shape  of  the  curve.  This  indicates  that  most  and  attach  it  to  the  foundation  provided  the 

of  these  measurements  were  probably  made  on  foundation  is  already  vibrating. 

*  *  * 


structures  which  supported  equipment  whose  >) 

impedance  itself  was  not  known. 

Now  if  the  technique  of  taking  environmental  I  ■ 

measurements  could  be  modified,  say,  by  mak-  1  «| 

ing  measurements  only  on  structures  which  ! ~|i 

support  a  body  of  known  impedance  and  then  t  ! 

perhaps  substituting  another  body  of  known  im-  * 

pedance,  we  would  thereby  introduce  a  couple  i  , 

of  knowns  where  unknowns  now  exist  and  some  ,  * 

progress  might  be  made  toward  calculating  the  I  :1 

impedance  of  the  structure.  '  J 


SHOCK-SPECTRUM  CHARACTERISTICS  OF  THE 
NAVY  MEDIUM-WEIGHT  SHOCK  MACHINE 


Arthur  F.  Dick,  NRL 


This  paper  indicates  the  manner  in  which  the  shock  responses  of  the 
machine  may  be  derived.  Upper  and  lower  bounds  of  shock  spectra 
that  would  be  expected  on  the  test  load  are  presented,  and  some  experi¬ 
mentally  obtained  reed-gage  spectrum  points  are  superimposed  on  the 
derived  spectra. 


During  the  past  15  years  or  so  laboratory 
simulation  of  shock  has  been  used  more  and 
more  by  the  Navy  in  acceptance  tests  of  equip¬ 
ments  intended  for  submarines,  surface  ships, 
and  aircraft.  And  most  of  this  shock  simulation 
has  centered  around  the  U.  S.  Navy  Light-Weight 
High-Impact  Shock  Machine  and  the  Medium- 
Weight  Machine. 

At  last  count  there  were  42  Light-Weight  and 
8  Medium-Weight  Shock  Machine  locations,  and 
so  both  types  have  been  rather  extensively  used. 
They  have  also  been  calibrated,  modified,  stand¬ 
ardized,  talked  about,  and  written  about  so  that 
most  everyone  here  has  been  exposed  to  them 
at  some  time  or  other.  Those  of  you  who  are 
more  intimately  familiar  with  them  know  that 
the  Light-Weight  Machine— even  though  the  shock 
motions  produced  on  it  may  be  empirically 
suited  for  production  testing— cannot  be  very 
closely  approximated  by  any  simple  system  of 
masses  and  springs.  For  this  reason,  not  much 
has  been  done  about  theoretical  results  of  shock 
tests  conducted  on  the  machine. 

On  the  other  hand,  the  Medium-Weight 
Machine— as  it  is  normally  used  in  specification 
testing— can  be  well  represented  by  two  lumped 
masses  and  a  spring.  It  is,  then,  not  too  difficult 
to  derive  expressions  for  shock-induced  dis¬ 
placement,  velocity,  and  acceleration  of  both 


masses,  as  well  as  the  response  of  a  single- 
degree-of-freedom  reed  on  the  load  mass.  It 
is  the  purpose  of  this  paper  to  indicate  the 
manner  in  which  the  shock  responses  can  be 
derived,  to  present  upper  and  lower  bounds  of 
shock  spectra  that  would  be  expected  on  the  test 
load,  and  to  superpose  on  the  derived  spectra 
some  experimentally  obtained  reed-gage  spec¬ 
trum  points. 

In  this  schematic  model  of  the  shock  machine 
(Figure  1),  the  test  load,  Mj,  is  attached  by 
standardized  support  channels  of  stiffness,  k, 
to  the  anvil  table  M2.  When  it  is  at  rest,  the 
anvil  table— which  weighs  about  4,500  lb— is 
positioned  a  nominal  table-travel  distance  of  3 
or  1-1/2  in  below  a  set  of  upper  table  stops. 
Shock  is  initiated  bya  3,000-lb  hammer,  dropped 
from  a  specified  height  and  hitting  a  hardened 
striking  pad  on  the  underside  of  the  anvil  table. 
At  that  time,  the  anvil  table  acquires  an  upward 
velocity  so  suddenly— in  about  a  millisecond— 
that  it  can  be  considered  an  instantaneous  ve¬ 
locity  step,  and  the  whole  system  then  executes 
an  upward  translation  in  conjunction  with  an 
internal  free  vibration  of  the  two  masses  and 
the  spring.  This  combination  of  translation  and 
vibration  continues  until  the  anvil  table  strikes 
the  upper  stops. 

During  this  short  interval  of  time,  damping 
can  be  neglected  and  the  only  significant  forces 
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Figure  1  -  Schematic  of  Navy  medium- \siseight 
shock  machine 


acting  on  the  system  are  those  due  to  intiaertia, 
gravity,  and  spring  deflection.  Solution  jftof  the 
differential  equations  for  these  forces  (Mvields 
expressions  for  displacement,  velocity  ,  and 
acceleration  of  both  Mt  and  m2.  Nov  the  jiimaxt- 
mum  acceleration  of  M1;  expressed  in  uiliilits  of 
g,  is  for  this  time  interval  the  multiplier  or 
design  factor  that  is  used  for  converting  ^static 
stresses  to  maximum  shock-induced  stresses 
in  infinitely  stiff  equipment  components. 

At  the  upper  stops,  there  is  another  iiuimvil- 
table  velocity  change  similar  to  that  prataHuced 
by  the  hammer  impact  but  this  time  in  the  ©nega¬ 
tive  or  downward  direction.  The  magnitude  of 
this  second  velocity  change  is  equal  to  tip  ®  ve¬ 
locity  at  impact  plus  that  velocity  multiplied  by 
a  coefficient  of  restitution;  hence  it  is  dep#omdent 
upon  the  initial  anvil-table  velocity  change  qouie  to : 

•  Hammer  impact, 

•  Anvil-table  travel  distance, 

•  Vibration  phasing  at  the  time  of  impa;U:t. 

The  shock  effects  of  this  second  velocity  change 
are  then  simply  added  to  the  shock  nptootion 
already  existing,  and  the  principle  of  super¬ 
position  permits  evaluation  of  a  second  accel¬ 
eration  factor  or  design  factor  that  is  effective 
from  the  time  the  upper-stop  impact  occults  to 
the  time  when  the  anvil  table  again  reacts  as  its 
at-rest  position.  By  this  time  the  most  stf'Were 
parts  of  the  shock  disturbance  have  passed*  and 
any  further  anvil-table  impact  can  be  ignored. 

The  two  design  factors  thus  far  obtjilhined 
apply  only  to  equipments  that  are  infinitely  jttstiff, 
whereas  shock-induced  stress  in  an  equipment, 
component  with  finite  stiffness  is  dependent 


upon  component  natural  frequency.  A  simple 
instrument— the  reed  gage— consisting  of  some 
cantilever- reed  scribers  mounted  in  a  rigid 
frame,  has  been  used  for  some  time  to  provide 
frequency-sensitive  "equivalent  static  accelera¬ 
tions"  or  "dynamic  load  factors."  These  are 
design  factors  applicable  to  systems  having  the 
same  natural  frequencies  as  the  reeds  and 
therefore  serve  as  a  basis  for  the  design  of 
actual  equipment  items.  In  a  plot  for  a  given 
shock  motion,  these  acceleration  factors  versus 
reed  frequency,  constitute  the  familiar  shock 
spectrum. 

Now  an  analytical  consideration  of  reed-gage 
response  to  the  test-load  motion  is  essentially 
a  study  of  the  response  of  a  small  mass-spring 
system  attached  to  the  load  (Figure  2).  Here  m 
is  mass,  k  is  stiffness,  and  xR  is  reedaccelera- 
tion.  By  means  of  Duhamels'  Integral,  deriva¬ 
tions  have  been  worked  out  for  the  acceleration 
response— or  shock- spectrum  response— of  this 
reed  mass  to  the  shock-induced  acceleration  of 
test  equipment  Mr  For  a  specific  test,  the 
derived  shock  spectrum  applicable  after  the 
hammer  impact  until  the  anvil-table  reversal  at 
the  upper  stops  has  a  resonance- curve  shape 
with  its  peak  where  reed  frequency  coincides 
with  the  natural  frequency  ofthe  shock-machine 
setup. 

After  the  upper-stop  impact,  spectrum  height 
is  dependent  not  only  on  frequency— as  in  the 
previous  case— but  also  on  the  positions  in  their 
vibratory  cycles  of  both  the  load  mass  and  the 
reed  mass  at  the  time  of  impact.  This  vibration 
phasing  is  a  very  critical  thing  that  has  a  power¬ 
ful  effect  on  spectrum  height.  It  can  produce  a 
shock  severity— after  the  upper-stop  impact— 
that  is  increased  substantially  over  what  may 


Figure  2 -Diagram  on 
response  of  systemto 
testing  load 
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be  caused  by  the  main  hammer  impact.  It  can 
also  cause  a  shock-severity  reduction,  but  this 
is  a  possibility  which  is  of  no  significance  here. 

By  means  of  the  two  derived  reed- response 
equations— one  valid  before  and  one  after  the 
upper-stop  impact— points  defining  two  curves 
of  maximum  reed  acceleration  versus  reed 
natural  frequency  have  been  computed  for  each 
of  three  test- equipment  weights— zero,  2,050, 
and  4,400  lb.  The  curves  for  the  2,500-lb  load 
are  shown  in  Figure  3.  They  indicate  theoreti¬ 
cal  upper  and  lower  bounds  of  shock- spectrum 
response  when  the  machine  is  loaded  to  about 


severely  than  components  having  nearby 
natural  frequencies— either  higher  or  lower. 

And  second  the  timing  of  the  upper-stop  im¬ 
pact  can  result  in  a  shock  severity  that  is 
increased  to  as  much  as  twice  that  produced 
by  the  hammer  impact. 

The  points  spotted-in  on  Figure  3  are  reed- 
gage  spectrum  values  experimentally  obtained 
during  calibration  tests  with  a  load  of  2,050  lb— 
the  weight  for  which  the  two  curves  were  com¬ 
puted.  In  the  abscissa  symbol  u/q,  <j  is  reed 
natural  frequency  and  a  the  natural  frequency 


one-half  capacity.  Here  the  upper  curve- 
effective  after  the  upper-stop  impact— is  ap¬ 
proximately  50  percent  higher  than  the  lower 
or  hammer-impact  curve.  This  increase 
changes  to  about  100  percent  for  the  very  light 
(i.e.,  zero-weight)  equipment  and  25  percent 
for  the  4,400  lb,  whereas  the  lower  curve  is 
nearly  the  same  for  all  three  weights. 

These  derived  curves— the  pair  shown  here 
and  those  for  the  two  other  equipment  weights— 
illustrate  two  instances  of  shock-test  in¬ 
consistency: 


of  the  shock-machine  setup.  When  this  ratio  is 
greater  than  3  (this  corresponds  to  a  reed 
natural  frequency  of  about  200  cps)  the  experi¬ 
mental  points  tend  to  be  higher  than  the  plotted 
boundary  curves— apparently  an  effect  of  higher¬ 
mode  disturbances  neglected  in  the  assumption 
of  a  simple  two-mass-and-a-spring  system.  At 
the  lower  frequencies,  however,  agreement  is 
fairly  good.  This,  and  a  similar  agreement  of 
experimental  points  when  the  test  load  was  4,400 
lb,  signifies  that  for  the  lower  frequencies  the 
shock  machine  does  behave  like  the  assumed 
two-mass-and-a-spring  model. 


First,  each  test- equipment  component  having 
a  natural  frequency  the  same  as  that  of  the 
shock  machine  setup  is  tested  much  more 
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No  attempt  has  been  made  here  to  evaluate 
the  accuracy  with  which  the  machine  simulates 
in  the  laboratory  typical  shock  encountered  in 


the  field.  Some  information  on  simulation 
accuracy,  further  operational  characteristics, 
pertinent  construction  features,  and  presenta¬ 
tion  of  additional  reed-gage  data  will  be  available 


upon  publication  of  the  NRL  report  "Shock 
Spectrum  Characteristics  of  Navy  Medium 
Weight  High-Impact  Shock  Machine." 


PART  II 


RANDOM,  COMPLEX,  AND  SINE  WAVE  VIBRATION  TESTING 


i 


INTRODUCTION  TO  RANDOM  MOTION: 

THE  NATURAL  ENVIRONMENT  AND  ITS  SIMULATION 


Galt  B.  Booth,  M,  B.  Mfg.  Co.,  New  Haven,  Conn. 


What  is  random  motion  and  how  is  it  generated?  The  properties  of 
random  motion  most  useful  to  the  vibration  engineer  are  stated  in 
simple  terms.  The  method  used  to  create  these  motions  in  the  labora¬ 
tory  and  the  operation  of  the  major  components  of  the  required  equip¬ 
ment  are  briefly  described. 


INTRODUCTION 

Random  accelerations,  or  a  combination  of 
random  and  periodic  accelerations,  have  been 
found  in  many  new  environments,  particularly 
in  missiles  and  high-speed  aircraft.  The  design 
of  components  which  are  to  operate  in  such 
environments  should  consider  the  properties  of 
random  motion  and  should  be  verified  by  random- 
motion  testing  in  the  laboratory.  Those  com¬ 
ponents  which  survive  an  adequate  random 
motion  test  in  the  laboratory  can  be  expected 
to  operate  reliably  in  the  actual  environment. 

This  discussion  presents  the  random  motion 
concepts  needed  to  design  and  test  components 
to  live  in  these  random  environments.  The 
first  part  states  the  properties  of  random 
environments  needed  for  design  and  test  and 
describes  the  response  of  the  component  to  the 
motion  of  the  environment.  The  second  part 
outlines  the  methods  used  to  solve  the  problems 
encountered  in  random  motion  testing  and 
describes  the  operation  and  characteristics  of 
the  more  important  items  of  the  laboratory 
equipment. 

Since  this  discussion  is  an  introduction  to 
random  motion,  it  surveys  the  subject  without 
delving  deeply  into  any  one  phase.  Only  those 
properties  which  may  be  of  use  to  a  practicing 
engineer  are  presented,  with  little  reference  to 


the  mathematical  derivation  of  the  results. 
Although  many  of  the  properties  may  be  pre¬ 
cisely  stated  in  elegant  mathematical  forms, 
these  forms  have  been  avoided  because  they 
have  little  meaning  to  the  average  engineer. 
An  alternate  approach  is  taken,  in  which  the 
important  characteristics  of  random  motion 
are  described  in  terms  of  the  responses  of 
physical  systems.  This  approach  makes  the 
engineer's  first  encounter  with  the  subject  of 
random  motion  more  rewarding  and  in  no  way 
detracts  from  the  generality  of  the  results. 


RANDOM  MOTION  ENVIRONMENT:  THE  EX¬ 
CITATION 

What  is  random  motion?  The  most  obvious 
characteristic  of  such  motion  is  that  it  is  non¬ 
periodic.  For  a  periodic  motion,  such  as  a 
sinusoidal  motion,  the  acceleration  at  a  future 
instant  is  determined  completely  by  the  motion 
in  the  past.  For  a  random  motion  this  is  not 
true.  A  knowledge  of  the  past  history  is  ade¬ 
quate  to  predict  the  relative  probability  of 
occurrence  of  various  accelerations,  but  it  is 
insufficient  to  predict  the  precise  magnitude  at 
some  specific  instant. 
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Random  motions  are  not  erratic  in  the  com¬ 
mon  sense,  but  follow  a  very  definite  law. 


These  motions  are  the  result  of  a  very  large 
number  of  events  occurring  by  chance.  In  a 
missile  or  aircraft  they  are  caused  by  the 
independent  actions  of  the  gas  molecules  in  the 
exhaust  and  around  the  structure.  The  cumula¬ 
tive  effect  of  such  a  very  large  number  of 
independent  actions  is  a  motion  that  has  specific 
characteristics  and  may  be  described  by  a 
normal  probability  law.  The  occurrence  of 
certain  types  of  motions  is  highly  probable  and 
the  occurrence  of  others  very  improbable.  As 
an  example,  there  is  little  chance  that  three 
complete  cycles  of  a  sinusoidal  motion  will 
occur,  but  a  very  high  probability  that  the  motion 
will  reverse  its  direction. 

Although  the  magnitude  characteristics  of 
all  random  motions  are  governed  by  the  same 
law  and  may  be  described  in  identical  terms, 
the  time  or  frequency  characteristics  of  various 
random  motions  differ  to  a  considerable  degree. 
Graphs  of  the  instantaneous  acceleration  as  a 
function  of  time  for  arbitrary  random  motions 
can  be  made  to  have  identical  amplitude  char¬ 
acteristics  by  a  proper  choice  of  the  accelera¬ 
tion  scale,  however,  no  simple  modification  of 
the  time  scale  will  make  the  time  characteristics 
similar. 

Atypical  random  motion  is  shown  in  Figure  1. 
On  this  graph  the  instantaneous  acceleration  of 
a  typical  random  environment  is  plotted  against 
time.  Some  acceleration  peaks  have  a  much 
greater  magnitude  than  others  and  the  period 
of  time  between  values  of  zero  acceleration 
varies  irregularly.  Most  of  the  time  the  accel¬ 
eration  is  at  a  relatively  low  level;  only  at 
rare  intervals  does  the  acceleration  reach 
high  values. 

Although  the  random  acceleration  plotted  in 
Figure  1  appears  completely  erratic,  both 
amplitude  and  frequency  characteristics  of  this 
motion  can  be  stated.  These  characteristics 
can  be  described  in  terms  of  a  property  called 
acceleration  density.  If  the  acceleration  density 
is  known  as  a  function  of  frequency,  other  prop¬ 
erties  of  a  random  motion  may  be  calculated. 
A  plot  of  acceleration  density  vs  frequency 


defines  a  steady-state  random  motion  as  com¬ 
pletely  as  it  can  be  known. 

The  name  acceleration  density  for  this  prop¬ 
erty  of  a  random  motion  has  not  yet  achieved 
general  acceptance.  Complete  descriptive  titles 
would  be  mean-square  acceleration  spectral 
density  or  mean-square  acceleration  per  cycle. 
A  plot  of  this  property  as  a  function  of  frequency 
would  be  called  a  mean-square  acceleration 
density  spectrum.  Since  these  long  names  are 
cumbersome,  various  short  names  have  ap¬ 
peared.  The  property  has  been  called  power 
density  by  analogy  to  the  power  which  would  be 
dissipated  in  a  resistance  if  the  acceleration 
were  voltage  across  the  resistor.  Abridged 
forms  of  the  long  titles  have  been  used,  such  as 
mean  square  density,  spectral  density,  and 
acceleration  density.  The  name  acceleration 
density  seems  preferable  because  it  is  both 
descriptive  and  concise. 

Most  persons  find  the  acceleration  density 
concept  somewhat  difficult  to  grasp.  To  give 
meaning  to  this  concept  we  may  construct  a 
hypothetical  experiment  to  illustrate  this  prop¬ 
erty  in  terms  of  more  familiar  characteristics. 
The  diagram  of  Figure  2  illustrates  this  hypo¬ 
thetical  experiment. 


IDEAL  ACCELEROMETER 


Figure  2  -  Hypothetical  ex¬ 
periment  to  illustrate  accel¬ 
eration  density  concept. 
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LIMIT  a* 
B—>  0  B 


The  block  to  the  left  represents  the  environ¬ 
ment.  Since  in  most  cases  the  motional  environ¬ 
ment  of  a  component  will  be  the  motion  of  the 
structural  of  an  airframe,  the  block  is  also 
labeled  structure.  This  structure  moves  ran¬ 
domly  with  an  acceleration  density  G. 

Attached  to  the  structure  is  an  ideal  accel¬ 
erometer  which  produces  a  voltage  proportional 
to  the  acceleration  of  the  structure  and  applies 
it  to  an  ideal  band- pass  filter. 


Figure  1  -  Typical  random 

motioninstantaneous  accel-  The  block  in  the  center  represents  the  band- 

eration  pass  filter.  The  output  voltage  of  such  a  filter 
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reproduces  the  input  voltage  for  all  frequencies 
in  the  pass  band  between  a  low  cutoff  frequency 
fL  and  a  high  cutoff  frequency  fH.  The  frequency 
components  of  the  input  voltage  which  are  lower 
than  fL  or  higher  than  fH  are  not  reproduced 
at  the  output.  The  frequency  difference  between 
fL  and  fH  is  the  band  width  B  of  the  filter. 

The  block  to  the  right  represents  a  true  root- 
mean-square  or  rms  voltmeter  which  reads 
the  output  voltage  of  the  band-pass  filter.  The 
reading  "a"  of  such  a  meter  is  proportional  to 
the  effective  heating  value  or  power  producing 
value  of  the  input  voltage  wave  and  is  the  nor  mal 
value  used  for  electrical  power.  A  thermocouple 
type  voltmeter  is  such  an  rms  voltmeter. 

We  intend  to  give  a  physical  meaning  to  the 
concept  of  acceleration  density  by  relating  it 
to  the  reading  of  the  rms  voltmeter  and  to  the 
pass  band  of  the  filter.  It  is  particularly 
instructive  to  consider  what  happens  to  the 
reading  of  the  meter  as  the  filter  band  width 
is  varied. 


Before  we  describe  the  operation  of  this 
system  for  random  motion  it  is  desirable  to 
calibrate  the  system  in  terms  of  the  more 
familiar  sinusoidal  units.  Let  us  allow  the 
structure  to  move  with  a  sinusoidal  acceleration 
rather  than  with  the  random  acceleration  den¬ 
sity  G  shown  on  Figure  2.  Let  us  maintain  a 
sinusoidal  acceleration  of  1  g  rms  which  is 
1.41  g  in  the  peak  acceleration  units  generally 
used  for  sinusoidal  accelerations.  If  the  fre¬ 
quency  of  such  motion  is  within  the  pass  band 
of  the  band-pass  filter,  we  can  calibrate  the  rms 
voltmeter  to  read  the  value  1.  By  this  proce¬ 
dure  the  voltmeter  indication  is  made  to  read 
directly  the  rms  value  of  the  acceleration  of  the 
environment.  As  the  frequency  of  the  sinusoidal 
motion  is  varied  with  the  amplitude  fixed  at  1  g 
rms,  the  meter  will  continue  to  read  1  so  long 
as  the  frequency  of  the  sinusoidal  motion  of  the 
environment  is  within  the  pass  band  of  the 
filter  but  will  drop  to  zero  whenever  the  fre¬ 
quency  varies  either  below  or  above  the  pass 
band  of  the  filter. 

If  we  now  allow  the  structure  to  move  ran¬ 
domly  we  may  use  this  hypothetical  system  to 
illustrate  many  characteristics  of  random 
motion.  The  accelerometer  will  produce  a  ran¬ 
dom  voltage.  The  frequency  components  of  this 
voltage  within  the  pass  band  of  the  filter  will  be 
applied  to  the  voltmeter.  The  indication  "a"  of 
the  voltmeter  will  be  the  random  acceleration 
of  the  structure  in  rmsg  for  the  frequency  band 
of  the  band-pass  filter. 
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If  we  decrease  the  band  width  of  the  band¬ 
pass  filter,  the  voltmeter  indication  will 
decrease.  This  decrease  indicates  that  the 
rms  random  acceleration  for  a  narrow  band  of 
frequency  is  less  than  for  a  wide  band  of  fre¬ 
quency.  This  fact,  that  the  rms  random  accel¬ 
eration  is  a  function  of  band  width,  may  be  con¬ 
trasted  to  sinusoidal  motions  in  which  the 
acceleration  is  independent  of  band  width. 


As  the  frequency  pass  band  of  the  filter  is 
reduced,  the  meter  indication  not  only  decreases, 
but  decreases  smoothly.  This  smooth  decrease 
indicates  that  the  acceleration  of  the  environ¬ 
ment  is  distributed  over  the  frequency  spectrum 
rather  than  concentrated  at  discrete  frequen¬ 
cies.  As  the  band  width  is  narrowed,  informa¬ 
tion  from  portions  of  the  frequency  spectrum  is 
being  prevented  from  reaching  the  meter. 

As  the  band  width  is  reduced  to  very  narrow 
values  the  indication  on  the  meter  will  start  to 
wander  about  a  mean  value.  The  needle  fluctu¬ 
ates  more  slowly  as  the  band  width  of  the  filter 
is  reduced.  Although  the  fluctuation  of  the 
needle  is  not  periodic,  the  rough  frequency  of 
fluctuation  is  approximately  the  band  width  of 
the  filter  in  cps. 

If  the  band  width  is  reduced  by  successive 
factors  of  four,  the  rms  random  acceleration 
will  drop  by  factors  of  approximately  two.  This 
relationship  will  be  found  to  hold  exactly  as 
very  narrow  band  widths  are  approached.  This 
result  indicates  that,  for  narrow  band  widths, 
the  square  of  an  rms  random  acceleration  is 
proportional  to  the  band  width. 

We  wish  to  give  meaning  to  the  property 
called  acceleration  density.  This  property  may 
be  defined  in  terms  of  the  rms  acceleration  and 
of  the  band  width.  If  we  calculate  the  quantity 
a2/B,  which  is  the  square  ofthe  rmsacceleration 
divided  by  the  band  width,  we  will  have  a  quantity 
approximately  equal  to  the  acceleration  density. 
It  was  observed  above  that,  for  narrow  band 
widths,  the  square  of  an  rms  random  accelera¬ 
tion  is  proportional  to  the  band  width.  There¬ 
fore,  as  the  band  width  B  is  decreased,  the 
quantity  a2/B  will  approach  a  constant  value. 
That  limiting  value  is  the  acceleration  density 
G.  This  result  is  expressed  by  Equation  (1): 


LIMIT 

b  B— »  0  B 

in  units  of  g2/cps. 


(1) 


Two  plots  of  acceleration  density  as  a  func¬ 
tion  of  frequency  are  shown  on  Figure  3.  An 
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the  observed  rms  acceleration  will  continue  to 
increase  until  the  area  under  the  acceleration 
density  curve  is  completely  included. 

For  the  white  random  vibration  case,  in 
which  the  acceleration  density  is  independent 
of  frequency  over  this  frequency  band,  Equa¬ 
tion  (2)  for  the  rms  random  acceleration  maybe 
simplified  to  Equation  (3): 

*  =  Vwo  (3) 

in  units  of  rms  g.  This  simple  case,  in  which 
the  acceleration  density  is  independent  of  fre¬ 
quency,  is  the  one  shown  by  the  dashed  curve 
of  Figure  3,  and  is  the  one  commonly  used  for 
random  vibration  testing. 


(3) 

acceleration  density  which  might  be  measured 
in  a  typical  random  environment  is  shown  by 
the  solid  line.  In  most  environments,  the  accel¬ 
eration  density  is  not  constant,  but  is  a  function 
of  frequency.  In  any  airframe  both  the  level  and 
the  shape  of  the  acceleration  density  spectrum 
vary  from  point  to  point  within  the  structure. 


A  sample  calculation  will  illustrate  the  use 
of  Equation  3.  Consider  a  random  motion  test 
specification  which  calls  for  a  constant  accel¬ 
eration  density  of  0.2  g2/cps  over  the  band 
width  from  15cps  to  2,015  cps.  The  rms  accel¬ 
eration  is  then  calculated  in  the  following 
manner: 

a  =  -|/bg£  =  ]/2,000  x  0.2  =  l/400  =  20  g  rms  (4) 


The  dashed  line  of  Figure  3  is  a  typical  test 
specification.  The  shape  of  this  specification 
has  been  chosen  because  the  environment  it 
represents  is  simple  to  reproduce  in  the  labora¬ 
tory  and  is  a  logical  compromise  between  the 
many  different  actual  environments.  An  environ¬ 
ment  like  that  of  this  specification,  which  has  an 
acceleration  density  constant  as  a  function  of 
frequency,  is  called  a  flat  random  motion  spec¬ 
trum  or  a  white  random  motion  spectrum.  For 
convenience  we  shall  designate  a  flat  random 
motion  spectrum  by  the  symbol  G0 .  For  such 
a  flat  spectrum  the  limiting  process  of  Equation 
(1)  is  unnecessary;  the  acceleration  density  cal¬ 
culation  is  independent  of  band  width. 

Knowing  the  acceleration  density  as  a  func¬ 
tion  of  frequency,  the  rms  acceleration  for  any 
frequency  band  may  be  calculated.  If  the  rms 
acceleration  for  the  frequency  band  between  fL 
and  fH  is  desired,  it  may  be  calculated  from 
Equation  (2): 


In  other  words,  the  rms  acceleration  is  the 
square  root  of  the  area  under  the  curve  of 
Figure  3  between  the  frequencies  fL  and  fH.  The 
square  of  the  rms  acceleration  is  illustrated 
by  the  crosshatched  area  in  Figure  3.  As  the 
band  width  of  the  instrumentation  is  increased, 


The  curve  of  Figure  4  is  identical  to  the 
curve  of  Figure  1.  Now  that  the  term  rms  accel¬ 
eration  has  meaning,  the  vertical  axis  can  be 
marked  off  in  units  of  the  rms  acceleration  as 
calculated  from  Equation  (2).  Although  the 
precise  acceleration  which  will  occur  at  any 
future  instant  cannot  be  calculated,  the  prob¬ 
ability  of  that  acceleration  occurring  can  be 
stated.  Most  of  the  time,  the  instantaneous 
acceleration  will  be  low,  in  fact  it  will  be 
between  .the  rms  values  of  plus  one  and  minus 
one  68  percent  of  the  time.  The  curve  of  Fig¬ 
ure  4  stays  between  these  values  about  68  per¬ 
cent  of  the  time.  The  magnitude  of  the  instan¬ 
taneous  acceleration  will  exceed  twice  the  rms 
value  about  5  percent  of  the  time  and  3  times 
the  rms  value  about  0.3  percent  of  the  time. 
These  percentages  are  shown  by  the  arrows  to 
the  right  of  the  curve. 
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Figure  4  -  Typical  random 
motion  instantaneous  accel¬ 
eration  divided  by  rms  accel¬ 
eration 


72 


The  curve  of  Figure  4  represents  a  wideband 
random  acceleration.  Such  a  curve  could  repre¬ 
sent  the  example  calculated  above  for  a  constant 
acceleration  density  of  0.2  g2/cps  between  15 
and  2015  cps.  If  this  curve  were  to  represent 
that  example,  the  rms  value  would  be  20  g  and 
one  peak  is  shown  which  exceeds  60  g. 

In  a  narrow  band  random  motion  the  prob¬ 
ability  relationship  between  the  instantaneous 
acceleration  and  the  rms  acceleration  is  the 
same  as  for  a  wide  band  motion.  However,  if 
the  band  width  is  sufficiently  narrow,  for  example 
less  than  20  percent  of  the  center  frequency  of 
the  band,  the  appearance  of  a  plot  of  the  instan¬ 
taneous  acceleration  as  a  function  of  time  will 
differ  considerably  from  the  curve  of  Figures  1 
and  4.  Although  such  a  narrow  band  motion  will 
still  be  random,  it  will  take  on  many  of  the 
characteristics  of  a  sinusoidal  motion.  The  plot 
will  be  approximately  sinusoidal,  with  a  general 
frequency  about  the  same  as  the  center  frequency 
of  the  narrow  band,  but  will  have  a  constantly 
varying  amplitude  and  phase.  The  curve  of 
Figure  6  is  a  narrow  band  random  motion. 

The  preceding  paragraphs  have  discussed  a 
fundamental  property  of  random  motion  called 
acceleration  density.  This  property  is  par¬ 
ticularly  important  in  the  description  of  a  ran¬ 
dom  motion  environment.  If  the  motion  of  an 
environment  can  be  described  by  stating  the 
acceleration  density  as  a  function  of  frequency, 
Equations  (2)  and  (3)  permit  the  calculation  of 
the  rms  random  acceleration  for  any  desired 
frequency  band. 

We  have  so  far  been  discussing  the  random 
motion  of  an  environment.  Since  in  a  typical 
case  the  environment  might  be  the  structure  of 
a  missile,  the  motion  of  the  environment  may  be 
considered  to  be  the  motional  excitation  applied 
to  a  component  or  specimen  attached  to  that 
structure. 


The  system  sketched  in  Figure  5  represents 
either  a  single  degree  of  freedom  system  or  a 
normal  mode  of  a  more  complex  object.  The 
mass,  spring,  and  damper  shown  represent  the 
equivalent  mass,  spring  force,  and  damping 
force  for  this  mode  of  vibration.  The  structure 
to  the  left  represents  the  environment.  The 
motion  of  this  structure  is  the  excitation  for 
the  resonating  system. 


SPRING 


(structureJ^^ 


■^Tg  damper 


mass 


EXCITATION 
ACC.  DENSITY 
IN  Q‘/CPS 


RESPONSE 
RMS  RANDOM 
ACC.  IN  9 


Figure  5  -  Specimen  re¬ 
sponse  to  random  excitation 
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To  illustrate  our  terminology,  it  is  useful 
to  consider  the  response  of  this  system  to  an 
excitation  which  is  sinusoidal  rather  than  ran¬ 
dom.  If  the  frequency  of  the  sinusoidal  excita¬ 
tion  is  low,  the  spring  will  be  essentially  a 
rigid  connector  and  the  mass  will  move  with 
the  excitation.  At  a  very  high  frequency,  the 
inertia  of  the  mass  will  be  great  and  the  motion 
of  the  mass  will  be  small.  At  an  intermediate 
resonant  frequency  f0,  the  motion  of  the  mass 
may  build  up  to  a  magnitude  considerably 
greater  than  that  of  the  excitation.  The  maxi¬ 
mum  ratio  of  the  motion  of  the  mass  to  the 
motion  of  the  structure  for  sinusoidal  excita¬ 
tions  is  called  the  peak  magnification  factor,  or 
Q,  of  the  resonance.  The  peak  magnification 
factor  Q  is  also  equal  to  the  reciprocal  of  twice 
the  ratio  of  the  actual  damping  to  the  critical 
damping  for  this  normal  mode. 


In  the  section  to  follow,  we  shall  turn  our 
attention  from  the  motion  of  the  environment  to 
the  motion  or  response  of  a  specimen  attached 
to  that  environment. 


RANDOM  MOTION  ENVIRONMENT:  THE  RE¬ 
SPONSE 

What  happens  to  a  specimen  subjected  to 
random  motion?  It  is  informative  to  investi¬ 
gate  the  response  of  a  simple  system  to  a  ran¬ 
dom  motion  excitation.  The  response  of  a 
resonating  specimen  is  particularly  useful. 


If  the  motion  of  the  structure  is  random 
rather  than  sinusoidal,  the  system  responds 
differently.  The  motion  of  the  mass  will  be 
random  and  will  have  the  characteristics  of 
narrow  band  random  motion.  If  the  excitation 
has  an  acceleration  density  G  in  the  region  of 
the  resonant  frequency,  the  rms  acceleration 
response  of  the  mass  is  given  by  Equation  (5): 

aR  =  <5> 

where  aR  is  the  rms  random  acceleration  re¬ 
sponse  in  g,  G  is  the  acceleration  density  in 
units  of  g2/cps,  fD  is  the  resonant  frequency  of 


73 


-*4fr _ 


£ 


It 

.1 


E 

I 


■t 

A 

i 


I  ' 


f 

•i 

i 

j 


h 


the  normal  mode  in  cps,  and  Q  is  the  peak  magni¬ 
fication  factor  of  the  normal  mode  for  sinusoidal 
excitations. 

It  may  be  noted  that  the  rms  random  accelera¬ 
tion  response  is  a  function  of  the  resonant  fre¬ 
quency,  which  is  not  true  for  sinusoidal  excita¬ 
tions.  It  may  also  be  noted  that  random  response 
is  proportional  to  the  square  root  of  Q  rather 
than  to  Q  as  is  the  case  for  sinusoidal  excitations. 

The  instantaneous  acceleration  response  of 
a  resonant  specimen  is  shown  in  Figure  6, 
Since  the  rms  acceleration  response  can  be  cal¬ 
culated  by  Equation  (5),  the  vertical  scale  has 
been  generalized  by  dividing  the  instantaneous 
acceleration  by  the  rms  acceleration.  The  mag¬ 
nitude  of  the  instantaneous  response  as  measured 
on  the  vertical  scale  then  gives  the  acceleration 
of  the  mass  as  a  fraction  of  therms  accelera¬ 
tion.  The  curve  shown  is  for  atypical  structure 
resonant  at  150  cps  with  a  Q  near  8.  It  may  be 
noted  that  the  waveform  looks  much  like  a 
150  cps  sine  wave  with  a  constantly  varying 
amplitude  and  phase. 


Figure  6  -  Instantaneous  ac¬ 
celeration  response  of  a 
randomly  excited  resonant 
specimen 


The  instantaneous  acceleration  of  the  mass 
for  this  resonant  response  to  a  random  excita¬ 
tion  is  very  different  from  the  wideband  random 
acceleration  drawn  in  Figure  4.  Although  the 
two  curves  do  not  appear  similar,  the  prob¬ 
ability  of  occurrence  of  specific  accelerations 
for  the  two  curves  is  the  same.  As  in  Figure  4, 
the  acceleration  response  is  less  than  the  rms 
value  68  percent  of  the  time  and  exceeds  three 
times  thermsvalue  only  0.3  percent  of  the  time. 
The  response  of  a  single  degree  of  freedom 
system,  which  has  very  little  damping,  is 
similar  to  the  acceleration  of  an  environment 
viewed  through  a  narrow  band-pass  filter. 

A  dashed  curve  has  been  drawn  on  Figure  6 
connecting  the  peaks  of  the  instantaneous  accel¬ 
eration  responses  with  a  simple  curve  called 
an  envelope.  The  magnitude  of  the  envelope 
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fluctuates  in  a  somewhat  erratic  manner  but  an 
approximate  fluctuation  frequency  may  be  ob¬ 
served.  This  fluctuation  frequency  is  approxi¬ 
mately  equal  to  the  resonant  frequency  divided 
by  the  peak  magnification  factor  or  Q  of  the 
normal  mode  in  question.  This  fact  may  be 
useful  in  estimating  the  Q  of  a  resonance. 

The  preceding  sections  have  discussed  the 
physical  motion  of  objects.  The  random  motion 
of  an  environment  such  as  the  structure  of  a 
high-speed  aircraft  or  missile  was  described 
first,  followed  by  a  description  of  the  response 
of  a  specimen  to  the  motion  of  that  environment. 

The  simulation  of  this  motional  environ¬ 
ment  in  the  laboratory  will  be  discussed  in  the 
sections  to  follow.  If  the  motion  can  be  simu¬ 
lated,  the  performance  and  endurance  of  a 
specimen  can  be  evaluated  duringdesign.  Spec¬ 
ifications  for  vibration  tests  can  then  be  estab¬ 
lished  which  will  insure  that  the  specimen  will 
give  satisfactory  performance  in  its  normal 
environment.  The  general  method  used  for 
such  simulation  will  be  outlined  first,  followed 
by  a  discussion  of  the  operation  of  the  major 
components  of  the  equipment  used  to  perform 
this  simulation. 


SIMULATION  OF  RANDOM  ENVIRONMENT: 
THE  METHOD 


The  objective  of  laboratory  simulation  is  to 
create  a  motion  similar  to  that  found  in  actual 
observed  environments.  This  motion  can  then 
be  used  for  design  evaluation  or  qualification 
testing.  To  create  this  motion,  we  first  decide 
what  acceleration  the  specimen  should  have. 
We  then  obtain  a  voltage  proportional  to  that 
acceleration.  Finally,  we  adjust  the  laboratory 
equipment  to  create  an  acceleration  propor¬ 
tional  to  that  voltage. 

The  laboratory  equipment  required  to  per¬ 
form  this  simulation  is  calleda  Complex  Motion 
System  and  consists  of  three  major  components. 
A  vibration  exciter  shakes  the  specimen,  a 
large  electronic  amplifier  powers  the  vibration 
exciter,  and  a  Complex  Motion  Console  supplies 
a  modified  voltage  to  the  amplifier  to  create  a 
vibration  table  acceleration  proportional  to  an 
input  voltage.  Sources  of  input  voltage  propor¬ 
tional  to  commonly  desired  accelerations  are 
mounted  in  the  console  and  others  may  be 
externally  connected  as  desired. 

A  specimen  and  the  three  components  of  such 
a  system  are  shown  in  Figure  7.  The  specimen 
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Figure  7  -  Major  components  of 
complex  motion  system 


being  tested  is  at  the  far  right.  It  is  being 
vibrated  by  a  vibration  exciter  which  in  turn  is 
being  driven  by  a  power  amplifier.  The  ampli¬ 
fier  receives  a  modified  voltage  from  the 
console  which  contains  among  other  things,  the 
input  voltage  source,  the  Peak  Notch  Equalizer 
and  the  Exciter  Equalizer  shown.  In  the  block 
diagram  of  Figure  7,  the  letter  "a"  represents 
the  acceleration  of  the  specimen.  The  voltage 
from  the  input  voltage  source  is  called  Vj.  The 
voltages  at  other  major  points  in  the  system 
are  labeled  on  the  block  diagram.  It  is  desired 
that  the  acceleration  of  the  specimen  exactly 
reproduce  the  input  voltage  Vx. 

We  can  define  the  gain  of  a  vibration  exciter 
as  the  ratio  of  the  acceleration  of  the  table  and 
specimen  to  that  voltage  which  drives  the  vibra¬ 
tion  exciter.  Unfortunately,  the  gain  of  the  vibra¬ 
tion  exciter  varies  very  greatly  with  frequency. 
This  fact  severely  complicates  the  problem  of 
creating  an  acceleration  proportional  to  the 
input  voltage. 

If  an  acceleration  proportional  to  the  input 
voltage  is  to  be  obtained,  the  gain  of  the  entire 
system  from  the  input  voltage  v3  to  the  specimen 
acceleration  "a"  must  be  a  constant  and  not  a 
function  of  frequency.  The  equalizers  in  the  Com¬ 
plex  Motion  Console  are  supplied  to  make  this 
gain  constant.  When  the  gain  of  these  equalizers 
is  adjusted  to  be  the  inverse  of  the  gain  of  the 
vibration  exciter,  the  gain  of  the  entire  system 
becomes  constant  and  the  acceleration  repro¬ 
duces  the  input  voltage. 

The  use  of  two  types  of  equalizers  may  be 
explained  by  referring  to  the  two  reasons  why 
the  gain  of  the  vibration  exciter  varies.  First, 
the  gain  of  the  vibration  exciter  is  not  basically 
constant  to  start  with,  even  without  a  table  load, 
and  secondly,  each  resonance  of  the  specimen 
introduces  a  sudden  variation  in  gain.  The 
Exciter  Equalizer  is  provided  to  compensate 
for  the  gain  variation  of  the  basic  vibration 
exciter  as  modified  by  the  non- resonant  portion 
of  the  load.  It  may  be  adjusted  to  have  "a"  gain 
the  inverse  of  the  vibration  exciter  gain. 


A  Peak  Notch  Equalizer  is  provided  to  com¬ 
pensate  for  the  gain  variation  due  to  a  specimen 
resonance.  Each  of  the  Peak  Notch  Equalizers 
has  a  gain  characteristic  as  a  function  of  fre¬ 
quency  which  is  the  inverse  of  the  variation  in 
gain  of  the  shaker  due  to  a  resonance  in  the 
specimen.  A  number  of  Peak  Notch  Equalizers 
are  normally  used,  one  for  each  of  the  major 
resonances  of  the  specimen.  When  the  Exciter 
Equalizer  and  the  Peak  Notch  Equalizers  are 
properly  adjusted,  the  gain  of  the  Complex 
Motion  Console  from  Vx  to  V3  is  the  inverse  of 
the  gain  of  the  vibration  exciter  from  v4  to  the 
table  acceleration  "a".  Since  the  amplifiers 
used  for  Complex  Motion  System  operation  have 
a  very  flat  frequency  response,  the  ratio  of  V4 
to  v3  is  a  constant.  Since  the  amplifier  gain  is 
constant  and  the  gain  of  the  equalizers  com¬ 
pensates  for  the  gain  of  the  vibration  exciter, 
the  over-all  system  gain  is  constant  and  the 
acceleration  is  proportional  to  the  input  voltage. 

As  soon  as  the  system  gain  is  constant  it  is 
possible  to  begin  random  motion  testing.  We 
may  use  a  random  voltage  generator  for  the 
input  voltage  source,  and  since  the  acceleration 
is  proportional  to  the  input  voltage,  the  specimen 
will  be  subjected  to  random  accelerations. 

This  article  discusses  only  those  components 
of  a  Complex  Motion  System  needed  for  an 
understanding  of  thd  basic  operation.  These 
components  are  shown  on  Figure  7.  Other  com¬ 
ponents  are  usually  added  to  the  system  to 
increase  its  convenience  and  flexibility  and  to 
protect  the  system  and  the  specimen  from 
component  failure  and  operator  abuse.  Such 
other  components  include  an  acceleration  limiter 
which  prevents  high  acceleration  peaks  from 
reaching'  the  specimen,  a  displacement  limiter 
which  prevents  the  vibration  exciter  from  hitting 
the  mechanical  stops  and  jolting  the  specimen, 
a  variable  band-pass  filter  which  adjusts  the 
band  width  of  the  input  voltage,  anrms  voltmeter 
which  reads  the  rms  magnitude  of  any  voltage 
or  acceleration,  accelerometers  and  cathode 
followers  used  to  convert  motion  to  voltage,  an 
oscilloscope  to  view  waveforms,  equalizer  ad¬ 
justment  instrumentation,  and  an  amplitude 
protector  which  prevents  system  failures  from 
damaging  the  vibration  exciter  or  the  specimen. 


SIMULATION  OF  RANDOM  ENVIRONMENTS: 
OPERATION  OF  EQUIPMENT 


We  have  so  far  discussed  the  general  opera¬ 
tion  of  a  Complex  Motion  System.  It  is  now 


advisable  to  look  at  each  one  of  the  major  com¬ 
ponents  in  somewhat  greater  detail. 

If  random  motion  testing  is  contemplated,  a 
vibration  exciter  should  be  chosen  which  is 
suitable  for  the  intended  application.  In  partic¬ 
ular,  it  should  have  a  displacement  range  ade¬ 
quate  to  handle  the  range  of  expected  displace¬ 
ments  and  it  should  have  a  force  rating  great 
enough  to  produce .  the  required  rms  and  peak 
accelerations  for  the  range  of  test  loads  ex¬ 
pected.  Unfortunately,  neither  the  peak-to-peak 
displacement  nor  the  peak  acceleration  of  a 
random  motion  is  a  well  defined  quantity.  The 
displacements  are  random  if  the  accelerations 
are  random  and  peak  displacements  exceed 
three  times  the  rms  value  of  displacement  the 
same  fraction  of  the  time  as  peak  accelerations 
exceed  three  times  the  rms  value  of  acceleration. 
This  fraction  is  0.3  percent.  It  has  become 
standard  practice  to  limit  both  displacements 
and  accelerations  to  three  times  the  rms  value. 
This  means  that  for  0.3  percent  of  the  time  the 
accelerations  may  be  limited  and  for  another 
0.3  percent  of  the  time  the  displacements  may 
be  limited.  The  choice  of  three  times  the  rms 
value  for  a  limiting  level  is  a  completely 
arbitrary  one.  However,  it  is  necessary  to 
make  some  such  arbitrary  choice  if  the  force 
and  displacement  range  of  the  equipment  are  to 
be  practically  realizable. 

The  displacement  range  of  a  specific  vibra¬ 
tion  exciter  will  be  adequate  for  a  vibration  test 
if  that  range  exceeds  the  peak-to-peak  displace¬ 
ment  of  that  test  by  a  satisfactory  margin.  If 
the  displacement  is  limited  to  three  times  the 
rms  value  in  each  direction,  the  peak-to-peak 
displacement  is  equal  to  6  times  the  rms  value 
of  displacement.  The  peak-to-peak  displace¬ 
ment  defined  in  this  manner  may  be  calculated 
from  the  acceleration  density.  Fora  wide-band, 
flat  acceleration  density  spectrum  the  peak-to- 
peak  displacement  is  given  by  Equation  (7): 

m 

where  dpp  is  the  peak-to-peak  displacement  in 
inches.^  G0  is  the  acceleration  density  in  units 
of  g2/cps,  and  fL  is  the  lower  cutoff  frequency 
of  the  applied  acceleration  density  spectrum. 
If  the  acceleration  density  spectrum  is  not  flat, 
Equation  (7)  maybe  used  to  calculate  an  approxi¬ 
mate  value  for  the  peak-to-peak  displacement 
by  replacing  Gp  by  the  value  of  tne  acceleration 
density  G  in  the  region  of  fL. 

The  rms  random  force  rating  of  a  vibration 
exciter  should  exceed  the  rms  random  force 


requirement  of  the  vibration  test.  This  rms 
random  force  requirement  is  a  function  of  the 
rms  random  acceleration  desired  and  of  the 
mass  of  the  object  being  tested.  The  rms 
random  force  for  a  vibration  exciter  is  defined 
in  a  manner  analogous  to  the  definition  of  a  peak 
sinusoidal  force  as  the  product  of  the  total 
moving  weight  and  the  rms  random  acceleration. 
Equation  (8)  states  this  relationship: 

F  =  Wa  (8) 

where 

F  is  the  force  in  rms  random  pounds, 

W  is  the  weight  in  pounds  of  the  entire  moving 
system  including  both  specimen  and  vibra¬ 
tion  exciter  moving  element  assembly, 

a  is  the  acceleration  of  the  moving  system  in 
rms  random  g. 

The  rms  force  rating  of  a  vibration  exciter  is 
determined  primarily  by  heating  effects  within 
the  vibration  exciter.  This  rating  is  the  same 
as  the  rms  sinusoidal  force  rating  and  is  equal 
to  0.707  times  the  peak  sinusoidal  force  rating. 
For  random  motions,  peak  accelerations  equal 
to  at  least  three  times  the  rms  acceleration  are 
desired.  For  this  reason,  peak  forces  three 
times  thermsforce  are  also  necessary.  Vibra¬ 
tion  exciters  for  random  motion  use  are  designed 
to  produce  peak  forces  equal  to  three  times  the 
rms  force  rating. 

The  choice  of  an  amplifier  for  a  random 
motion  application  is  deter  mined-by -the  random 
force  to  be  produced  and  the  characteristics  of 
the  particular  vibration  exciter  used  to  produce 
this  force.  Although  adequate  power  is  the 
primary  consideration,  a  flat  frequency  response 
and  low  distortion  are  also  important  factors. 
The  amplifier  must  be  carefully  selected  since 
it  is  usually  the  most  expensive  single  item  in 
the  system. 

For  random  motion  testing,  the  amplifier 
must  be  designed  for  the  waveshapes  actually 
encountered  in  use.  In  particular,  the  amplifier 
must  be  capable  of  producing  the  high  voltage 
and  current  peaks  required  to  produce  forces 
equal  to  three  times  thermsforce  rating  of  the 
vibration  exciter.  Designs  based  on  sinusoidal 
waveshapes  are  either  unsuitable  for  random 
motion  testing  or  result  in  amplifier  sizes 
much  larger  than  those  required  for  amplifiers 
designed  specifically  for  the  random  motion 
application. 

The  frequency  response  of  the  amplifier 
must  be  flat  if  the  operation  of  the  equalizers 
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is  not  to  be  affected,  and  should  be  accompanied 
by  a  good  transient  response  to  reproduce  the 
waveshapes  encountered  in  operation. 

The  amplifier  must  have  low  distortion  to 
prevent  the  undesired  excitation  of  any  reso¬ 
nance  by  distortion  products.  These  distortion 
products  are  most  serious  when  high  signal 
levels  are  required  to  produce  frequency  com¬ 
ponents  which  are  submultiples  of  a  frequency 
at  which  the  vibration  exciter  gain  is  high. 
Unfortunately,  this  serious  condition  is  present 
at  submultiples  of  every  severe  specimen 
resonance. 

The  two  systems  chosen  for  the  various  tests 
are  probably  the  smallest  and  largest  sizes 
currently  popular.  (Systems  smaller,  between, 
and  larger  than  these  also  are  available.)  The 
smaller  system  uses  a  vibration  exciter  with  an 
rms  random  force  rating  of  840  lb,  an  amplifier 
with  a  10  KVA  capacity,  and  will  drive  a  speci¬ 
men  weight  or  payload  of  25  lb  to  an  rms  accel¬ 
eration  of  20  g.  This  is  the  rms  level  used  in 
the  example  calculated  above  which  had  an 
acceleration  density  of  0.2  g2/cps  and  a  band 
width  of  2,000  cps.  The  larger  system  listed, 
which  has  a  5,000  lb  rms  random  force  rating, 
requires  a  60  KVA  amplifier  and  drives  a  155 
lb  table  load  to  the  same  rms  acceleration.  Each 
of  the  systems  shown  will  produce  peak  forces 
up  to  three  times  the  rms  force  listed.  The 
forces  shown  are  calculated  for  a  band  width 
of  2,000  cps  as  was  used  in  the  example  for 
which  the  20  g  rms  acceleration  was  calculated. 
These  forces  are  approximately  correct  for 
narrower  band  widths  as  well. 

If  the  force  rating  of  a  system  is  inadequate 
to  drive  the  specimen  to  the  desired  accelera¬ 
tion  density  over  the  entire  2,000  cps  band,  it  is 
possible  to  divide  up  the  band  into  two  or  more 
frequency  ranges  and  test  each  range  separately. 
By  this  procedure,  it  is  possible  to  achieve 
acceleration  densities  in  a  restricted  frequency 
range  considerably  greater  than  would  be  pos¬ 
sible  if  the  entire  frequency  band  were  tested 
at  the  same  time.  For  example,  if  the  larger  of 
the  two  systems  shown  were  available,  and  if 
it  were  desired  to  test  a  300  lb  object  to  an 
acceleration  density  of  0.2g2/cps,  the  system 
would  be  too  small  to  test  the  entire  frequency 
band  from  15  to  2,015  cps  at  one  time.  If, 
however,  this  test  were  broken  into  four  tests, 
each  for  a  500  cps  wide  band,  the  acceleration 
density  of  0.2g2/cps  could  be  obtained.  This 
procedure  is  based  on  the  assumption  that  a  test 
which  successively  tests  four  separate  500  cps 
frequency  bands  is  a  valid  test.  Since  such  an 
assumption  cannot  usually  be  verified,  the  use 


of  this  procedure  can  only  be  justified  in  an 
emergency. 

In  the  Complex  Motion  Console  are  mounted 
most  of  the  components  which  make  random 
motion  operation  possible.  Among  these  com¬ 
ponents  are  the  Peak-Notch  Equalizers  and  the 
Exciter  Equalizer  which  compensate  for  the 
gain  variations  of  the  vibration  exciter- 
specimen  combination.  A  simplified  block  dia¬ 
gram  of  the  entire  complex  wave  system  is 
repeated  above  Figure  8(a).  The  curves  show 
the  gain-frequency  characteristic  of  the  vibra¬ 
tion  exciter.  This  is  the  characteristic  previ¬ 
ously  discussed  and  for  which  the  equalizers 
must  compensate. 


(a) 


(b) 
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Figure  8  -  Frequency  re¬ 
sponse  equalization;  (a)  un¬ 
modified  exciter  response, 

(b)  with  exciter  equalizer, 

(c)  with  both  equalizers 


The  dashed  curve  of  Figure  8(a)  represents 
the  gain  characteristic  of  the  unloaded  vibra¬ 
tion  exciter.  Although  the  gain  characteristics 
in  the  low  frequency  range  are  not  constant,  the 
variation  with  frequency  is  relatively  gradual. 
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You  will  note,  however,  that  a  peak  occurs  at  a 
high  frequency.  This  peak  occurs  for  all  vibra¬ 
tion  exciters  and  is  due  to  an  axial  mode  reso¬ 
nance  within  the  moving  structure  itself  in  which 
the  center  of  the  table  moves  in  opposition  to 
the  motion  of  the  main  driving  coil.  As  the  fre¬ 
quency  is  raised  above  this  resonant  frequency, 
it  becomes  increasingly  difficult  to  supply  an 
adequate  force  to  the  specimen.  A  practical 
upper  frequency  limit  to  operation  is  about 
twice  this  resonant  frequency  and,  whenever 
possible,  the  frequency  band  of  operation  should 
be  kept  below  this  frequency. 

In  Figure  8(a)  the  curve  drawn  with  a  solid 
line  shows  the  gain  of  a  vibration  exciter  on 
which  is  mounted  a  specimen  with  a  single 
severe  resonance.  The  resonance  of  the  speci¬ 
men  introduces  a  large  notch  and  peak  to  the 
gain  characteristic.  At  high  frequencies  the 
resonating  mass  of  the  specimen  is  effectively 
isolated  and  the  gain  curve  approaches  the  gain 
for  the  unloaded  vibration  exciter.  At  low 
frequencies,  the  specimen  looks  like  a  heavy 
dead  load  applied  to  the  table  and  the  same 
acceleration  requires  larger  voltages  than  for 
the  unloaded  case.  As  the  frequency  is  increased 
through  the  resonant  frequency  of  the  specimen, 
the  gain  first  drops  to  a  minimum  and  then 
rises  to  a  peak.  The  gain  minimum  occurs  at 
the  resonant  frequency  of  the  specimen.  Since 
the  specimen  acts  like  a  dynamic  vibration 
absorber  at  this  frequency,  large  forces  and 
large  voltages  are  required  to  obtain  the  same 
table  acceleration  as  at  lower  frequencies.  The 
gain  maximum  occurs  at  the  frequency  of  a 
combined  resonance  of  the  specimen  and  moving 
assembly,  and  very  little  force  is  required  to 
obtain  large  accelerations. 

The  Exciter  Equalizer  shown  in  the  block 
just  to  the  left  of  the  amplifier  compensates 
for  the  characteristics  of  the  vibration  exciter 
by  itself,  independent  of  the  effect  of  the  reso¬ 
nating  load.  In  other  words,  the  Exciter  Equal¬ 
izer  gain  is  the  inverse  of  the  gain  shown  by  the 
dashed  curve  in  Figure  8(a).  The  Exciter 
Equalizer  compensates  both  for  the  gradual 
slopes  in  the  low-frequency  region  and  for  the 
sharp  peak  in  the  high-frequency  region.  This 
is  accomplished  by  creating,  in  the  Exciter 
Equalizer,  the  exact  reciprocal  of  the  transfer 
function  of  the  unloaded  vibration  exciter  and 
attached  non- resonant  mass. 

The  curve  of  Figure  8(b)  shows  the  gain 
from  the  input  of  the  Exciter  Equalizer  to  the 
acceleration  of  the  specimen.  The  change  from 
the  solid  line  of  Figure  8(a)  to  the  curve  of 
Figure  8(b)  illustrates  the  compensation  due  to 


the  Exciter  Equalizer.  Although  the  curve  on 
Figure  8(b)  still  has  the  notch  and  the  peak 
caused  by  the  resonance  of  the  specimen,  the 
general  shape  of  the  vibration  exciter  gain 
curve  is  no  longer  present. 

The  Peak-Notch  Equalizer  shown  just  to  the 
left  of  the  Exciter  Equalizer  completely  com¬ 
pensates  for  the  fluctuation  in  the  vibration 
exciter  gain-frequency  curve  caused  by  a  single¬ 
specimen  resonance.  This  means  that  the  Peak- 
Notch  Equalizer  gain-frequency  characteristic 
may  be  adjusted  to  be  inverse  of  the  gain  varia¬ 
tion  caused  by  a  specimen  resonance  such  as 
the  one  illustrated  in  Figure  8(b).  The  Peak- 
Notch  Equalizer  compensates  for  both  amplitude 
and  phase  variations,  not  only  in  the  vicinity  of 
resonance,  but  also  over  the  full  frequency  band 
of  operation.  This  complete  compensation  is 
achieved  by  creating,  in  the  Peak-Notch  Equal¬ 
izer,  the  exact  reciprocal  of  the  modification 
to  the  vibration-exciter  transfer  function  caused 
by  a  resonance  in  the  specimen. 

The  curve  of  Figure  8(c)  shows  the  gain 
from  the  input  of  the  Peak-Notch  Equalizer  to 
the  acceleration  of  the  specimen.  The  change 
from  the  curve  of  8(b)  to  the  curve  of  8(c)  shows 
the  compensation  due  to  the  Peak-Notch  Equal¬ 
izer.  When  properly  adjusted,  the  curve  is  flat 
over  the  operating  frequency  range.  Since  most 
specimens  will  have  a  number  of  resonances, 
not  just  the  one  illustrated  in  Figures  8(a)  and 
8(b),  a  number  of  Peak-Notch  Equalizers  are 
used,  all  connected  in  tandem  so  that  their 
gain-frequency  characteristics  multiply. 

A  proper  adjustment  of  the  equalizers  has 
made  the  over-all  system  gain,  from  the  input 
voltage  to  the  specimen  acceleration,  independ¬ 
ent  of  frequency  over  the  operating  frequency 
range.  The  table  acceleration  will  now  repro¬ 
duce  any  voltage  applied  to  the  input.  If  a 
random  acceleration  is  desired,  the  input  volt¬ 
age  may  be  obtained  from  a  random  voltage 
generator.  If  the  reproduction  of  the  motion 
of  an  actual  structure  is  desired,  the  input 
voltage  may  be  obtained  from  a  tape  recording 
of  the  acceleration  of  that  structure. 


SUMMARY 


Reliability  is  important.  If  a  device  is  to 
perform  its  intended  function,  each  of  the  com¬ 
ponents  within  that  device  must  be  reliable;  and 
the  more  components  there  are,  the  more 
reliable  they  must  be.  Since  vibration  is  a 
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major  cause  of  failure,  a  rigorous  vibrationtest 
program  will  significantly  improve  reliability. 

Certain  steps  must  be  taken  to  establish  a 
rigorous  vibrationtest  program  for  components 
which  are  to  operate  in  random  motion  environ¬ 
ments.  Random  motion  studies  of  the  structures 
on  which  these  components  are  to  operate  will 
produce  a  set  of  curves,  each  somewhat  similar 
to  the  solid  line  of  Figure  3.  Usually,  the  curves 
taken  from  various  locations  in  the  structure, 
from  different  structures,  and  at  different 
times,  will  not  be  the  same.  A  component  test 
specification  derived  from  these  acceleration 
density  curves  is  frequently  made  more  severe 
than  the  expected  environment  of  the  component. 

Before  component  testing  for  design  evalua¬ 
tion  or  qualification  testing  can  begin,  a  suitable 
Complex  Motion  System  must  be  assembled.  A 
review  of  the  test  specification  and  the  weight 


of  the  component,  the  test  fixture,  and  the  vibra¬ 
tion  exciter  moving  element  assembly  will 
permit  the  calculation  of  the  rms  random  force 
level  and  will  suggest  the  choice  of  a  vibration 
exciter,  an  amplifier,  and  a  Complex  Motion 
Console.  As  soon  as  the  component  and  fixture 
are  mounted  on  the  vibration  exciter,  the  equal¬ 
izers  may  be  adjusted  to  flatten  the  frequency 
response.  If  a  random  voltage  generator  is 
connected  to  the  input,  the  component  accelera¬ 
tion  density  may  be  raised  to  the  test  specifica¬ 
tion  level.  Random-motion  testing  may  then 
continue  for  the  time  chosen  for  the  test  specifi¬ 
cation,  or  until  the  component  prematurely  fails. 

A  component  which  survives  such  a  test 
should  operate  reliably  in  the  actual  environ¬ 
ment.  If  all  the  components  in  a  device  survive 
similar  vibration  tests,  and  do  not  fail  from 
other  causes,  the  device  should  be  reliable  and 
can  be  expected  to  perform  its  intended  function. 


SUMMARY  OF  EQUATIONS 
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A3  -  Vibration  exciter  re¬ 
quirements 


EXPERIMENTS  IN  RANDOM  VIBRATION 


V.  C.  McIntosh  and  Neal  Granick,  WADC 


The  new  concept  of  random  vibration  testing  must  be  much  better 
understood  and  its  value  determined  before  millions  of  dollars  are 
expended  for  new  equipment.  To  become  better  acquainted  with  the 
problems,  a  study  of  the  response  of  simple  beams  to  this  form  of 
vibration  was  undertaken  and  is  described  here.  It  is  intended  to  con¬ 
tinue  and  extend  this  investigation  to  determine  the  value  of  random 
vibration  testing. 


Upon  superficial  examination  of  the  advan¬ 
tages  being  cited  for  random  vibration,  this 
new  concept  of  testing  takes  on  many  attractive 
features.  However,  upon  closer  examination, 
the  basic  problems  encountered  during  practical 
use  of  random  vibration  are  at  least  as  many 
and  varied  as  those  for  sine  wave  vibration.  To 
become  better  acquainted  with  some  of  these 
problems,  a  study  of  the  responses  of  simple 
beams  to  this  form  of  vibration  was  initiated. 
The  motivating  idea  was  that  these  basic  prob¬ 
lems  might  be  best  clarified  by  examining  the 
response  of  a  simple  mechanical  system  to 
random  vibration.  It  is  intended  that  this  work 
will  be  extended  so  as  eventually  to  provide  the 
answer  to  the  following  question  facing  our 
armed  forces:  "Is  it  necessary  to  adopt  random 
vibration  testing  as  a  general  requirement?" 
If  the  answer  is  "Yes,"  it  means  the  expenditure 
of  millions  of  dollars  for  new  equipment  and 
the  obsolescence  of  much  existing  equipment. 


BEAM  FATIGUE  TESTS 


To  illustrate  one  problem  with  random  vibra¬ 
tion,  simple  beams  were  tested  to  failure  first 
with  sine-wave  testing  and  then  with  random 
testing.  Considering  the  time  required  to  pro¬ 
duce  failure  by  both  methods,  the  sine-wave 
input  was  compared  with  the  random  input. 


A  series  of  SAE  8630  steel  beams  1/32-in 
thick,  12-1/2  in  long,  and  1/2-in  wide  were 
clamped  individually  at  the  center  to  an  MB 
Model  C-31-1  electrodynamic  vibrator.  The 
beams  had  been  carefully  selected  from  a  much 
larger  group  according  to  their  surface  per¬ 
fection.  A  6-in  cantilever  overhang  extended  on 
each  side  of  the  clamp.  Sine  waves  were 
generated  from  an  oscillator  and  fed  to  an 
amplifier  which  controlled  the  vibrator  arma¬ 
ture  current.  White  noise  random  vibration 
was  supplied  by  a  General  Radio  Model  1390-A 
noise  generator  used  in  conjunction  with  a 
Krohn-Hite  Model  330A  filter  and  a  Ballantine 
voltmeter  used  as  a  preamplifier  to  obtain  suf¬ 
ficient  vibratory  excitation.  The  acceleration 
was  obtained  by  differentiating  the  signal  gen¬ 
erator  output  with  an  MB  Model  M-3  vibration 
meter.  Figure  1  shows  a  typical  setup  with  the 
beam  mounted  on  the  vibrator  and  the  auxiliary 
equipment  used. 

Several  beams  were  vibrated  with  sine-wave 
excitation  at  the  fundamental  cantilever  bending 
mode.  The  tip  amplitude  of  the  beams  was  held 
constant  until  a  fatigue  failure  occurred.  The 
time  to  failure  was  noted  with  the  corresponding 
rms  acceleration  producing  the  failure.  Simi¬ 
larly,  several  beams  were  subjected  to  random 
vibration  at  a  fixed  bandwidth  and  rms  accelera¬ 
tion.  The  average  times  required  to  produce 
failures  under  both  sinusoidal  and  random 
vibration  are  presented  in  Table  1  along  with 
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Figure  1  -  General  view  of  experimental  arrangement  showing  beam 
mounted  on  vibrator  and  auxiliary  equipment 


TABLE  1 

Comparison  of  Sine  Wave  With  Random  Vibration  Results 


Type  of  Vibration 

No.  of 
Samples 
Tested 

Input 
(rms  g) 

Beam  Tip 
Double 
Ampere 
(in). 

Band  Width 
(cps) 

Average 
Time  to 
Failure 
(min) 

Sine  Wave  -  1st  Mode 

12 

3.7 

2.5 

43 

Sine  Wave  -  1st  Mode 

5 

2.5 

2.3 

68 

Sine  Wave  -  2nd  Mode 

3 

6.3 

0.25 

66 

Random 

7 

20.5 

20  -  500 

53 

Random 

3 

15.1 

20  -  200 

48 

Random 

3 

10.6 

20  -  100 

46 

other  pertinent  information.  Due  to  the  limited 
time  available,  the  number  of  samples  was 
restricted  to  the  minimum  required  to  demon¬ 
strate  consistent  results.  Another  group  of 
beams  was  subjected  to  sinusoidal  vibration  at 
the  second  bending  mode  to  determine  what 
average  rms  acceleration  would  produce  com¬ 
parable  failure  times. 


BEAM  FATIGUE  RESULTS 


There  is,  of  course,  a  difference  in  the  way 
fatigue  damage  is  accumulated  with  sine-wave 
tests  when  compared  with  random  vibration 
tests.  For  example,  Figure  2(a)  shows  a  beam 
subjected  to  random  vibration  and  responding 
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Figure  2  -  Examples  of  beam  response  to  sine-wave  and  random  vibration  excitation:  (a)  20.5  g  rms 

random  vibration,  20  -  500  cps  band  width;  (b)  two-frequency  vibration  input,  27  cps  and  ±3.7  g,  170 
cps  and  ±6.3  g;  (c)  ±3.7  g,  sine-wave  vibration  input,  first  mode,  27  cps;  (d)  ±6.39,  sine-wave  vibra¬ 
tion  input,  second  mode,  170  cps. 


with  a  combination  first  and  second  mode. 
Figure  2(b)  shows  a  complex  two-frequency 
sine-wave  test  on  which  first  and  second  mode 
vibrations  were  superimposed  and  from  which 
a  similarity  to  the  random  response  in  Figure 
2(a)  is  apparent.  Figures  2(c)  and  2(d)  show  the 
pure  sine-wave  response  of  the  fundamental  and 
second  modes,  respectively.  Obviously,  the 
damage  from  random  vibration  testing  reflects 
a  composite  picture  of  the  stresses  resulting 
from  superimposed  higher  order  modes  in  addi¬ 
tion  to  the  fundamental  mode.  Nevertheless,  the 
end  result  was  an  identical  failure  at  the  beam 
root  produced  alternately  with  random  or  sine- 
wave  testing.  Hence,  a  measure  of  the  beam's 
ability  to  withstand  repeated  stressing  was 
obtained  equally  as  well  by  sine-wave  vibration 
in  either  the  first  or  second  mode  as  was 
obtained  with  random  vibration. 

From  Table  1  (sine  wave  -  first  mode),  it 
may  be  interpolated  that  the  acceleration  re¬ 
quired  to  produce  a  failure  in  50  minis  approxi¬ 
mately  3  g  rms.  To  obtain  the  same  failure 
time  with  random  vibration,  an  rms  input  accel¬ 
eration  of  approximately  20  g  was  required  in 
a  bandwidth  of  20  to  500  cps.  Hence,  nearly 
seven  times  the  acceleration  and  seven  times 


the  vibrator  capacity  were  needed  with  random 
as  compared  to  sine- wave  vibration. 

Effect  of  Band  Width  on  rms  Acceleration: 

Another  limitation  illustrated  by  the  beam- 
failure  tests  was  that  sufficient  excitation  to 
produce  failure  could  not  be  obtained  in  band 
widths  beyond  20  to  500  cps.  If  it  were  found 
necessary  to  increase  the  band  width,  for 
example,  to  an  upper  limit  of  2,000  cps  so  as 
to  include  a  known  environment,  the  acceleration 
input  ratio  for  this  beam  would  be  even  greater. 
Figure  3  illustrates  the  high  values  of  rms  accel¬ 
eration  imposed  by  broad-band  random  vibra¬ 
tion.  The  calculated  rms  acceleration  curve  is 
determined  by  the  equation: 

E  =  ef  /BW  (1)* 

where 

E  =  total  rms  acceleration  in  g  units, 
e  i  =  spectral  density  in  g  per  ]/cps, 

BW  =  band  width  through  which  white  noise 
is  applied. 


♦Kaufman,  Joseph,  "A  Re-Evaluation  of  Vibra¬ 
tion  Testing  Techniques,"  Electrical  Manufac¬ 
turing,  November  1955 
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Figure  3 


Usually  a  constant  spectral  density  is  specified 
which  results  in  the  calculated  straight  line 
relationship  shown  in  Figure  3.  This  shows  that 
with  a  constant  spectral  density  an  increase  of 
the  band  width  from  100  to  2,000  cps  increases 
the  rms  acceleration  requirement  by  a  factor  of 
4.5  /2, 000/100.  In  failing,  the  simple  beams 
required  a  spectral  density  of  approximately 
1.1  g  per  Vcps.  These  beams  were  more  sus¬ 
ceptible  to  failure  than  most  items  of  equipment 
which  often  are  required  to  withstand  extended 
periods  of  ±10  g  sine-wave  testing.  For  ex¬ 
ample,  spectral  densities  as  great  as  2  g  per 
-/cps  might  be  required  to  produce  damage 
similar  to  that  caused  by  the  ±10  g  sine-wave 
resonance  tests.  In  a  band  width  of  2,000  cps, 
a  spectral  density  of  2  gives  an  over-all  rms 
acceleration  of  2  ]/ 2,000  =  90  g.  This  high  level 
of  acceleration  is  considerably  beyond  the  capa¬ 
bilities  of  present  vibration  machines  and  hence 
imposes  a  severe  limitation  on  the  practical  use 
of  broad- band  white  noise  for  vibration  testing. 


VIBRATOR  PERFORMANCE  WITH  RESONANT 
LOADS 

Figures  4-7  illustrate  in  varying  degrees  the 
effects  of  resonant  loads  on  vibrator  perform¬ 
ance.  Beams  weighing  from  3  to  approximately 


1/2  times  (1.8  to  0.25  lb)  as  much  as  the  vibra¬ 
tor  armature,  which  weighs  0.6  lb,  were  vibrated 
with  a  white  noise  of  20  to  1,000  cps  applied  to 
the  vibrator.  The  acceleration  output  of  the 
vibrator  was  fed  into  a  Davies  Model  510  spec¬ 
trum  analyzer  (with  an  analyzer  band  width  of 
25  cps)  to  obtain  the  traces  shown.  Spectrum 
analysis  was  conducted  throughout  the  frequency 
range  of  0  to  2,000  cps.  The  gains  were  main¬ 
tained  constant  during  the  recording  of  the  three 
curves  in  each  figure. 

Figure  4  shows  the  extreme  effects  which 
can  be  produced  by  a  resonant  test  item.  Trace 
C  shows  the  vibrator  response  resulting  from 
white-noise  excitation  of  a  beam  weighing  1.8  lb. 
Curve  B  was  obtained  by  rigidly  securing  1.8  lb 
of  lead  to  the  table.  Curve  A  was  obtained  from 
the  acceleration  output  of  the  shaker  with  bare 
table. 

The  high  peaks  in  the  vicinity  of  100  and 
700  cps  occur  at  resonant  frequencies  of  the 
beam.  The  peaks  at  1,200,  1,400,  and  1,850  cps 
result  from  shaker  armature  resonances.  Note 
that  the  1.8  lb  rigid  mass  load  reduced  the 
shaker  resonance  from  1,850  to  1,200  cps.  This 
illustrates  the  fact  that  a  shaker  system  reso¬ 
nance  may  be  above  the  test  frequencies  nor¬ 
mally,  but  a  heavy  load  may  bring  peaks  within 
the  testing  range. 
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Figure  4 


Figure  5 


Variations  in  mass  loading  which  are  pre¬ 
sented  in  Figures  4  through  7  show  that  the 
smaller  resonant  beams  have  correspondingly 
less  effect  on  the  shaker  response.  However, 
the  smallest  of  the  test  beams  (0.25  lb)  where 
the  ratio  of  the  beam  weight  to  the  armature 
weight  was  less  than  1/2  resulted  in  a  peak  rms 
response  of  7  times  the  value  resulting  from 


a  rigid  load.  Often  the  test  specimen  weight 
exceeds  that  of  the  vibrator  armature  and  speci¬ 
men  resonances  may  result  in  peaks  comparable 
to  those  shown  in  Figures  4-7. 

The  apparent  solution  to  this  problem  is  to 
introduce  band-pass  and  rejection  filters  to 
compensate  for  the  response  characteristics  of 
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the  system.  If  many  resonances  of  the  specimen 
and  shaker  each  with  a  different  band  width  are 
encountered  within  the  test  frequency  range, 
then  this  problem  assumes  major  proportions. 


COMPARISON  OF  SINE-WAVE  TO  RANDOM 
VIBRATION 

Figure  8  compares  the  applied  spectral  den¬ 
sity  e  f  in  G  per  y  cps  of  white  noise  vibration 


to  the  sine  wave  acceleration,  Gs,  in  g  units 
requiredto  produce  an  equivalent  rms  response 
as  defined  by  the  equation: 


*Crede,  Charles  E.,  "Vibration  and  Vibration 
Isolation  in  Guided  Missiles,"  Barry  Controls, 
Inc;  Report  No.  257,  25  Nov.  1955 
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Figure  8 


This  equation  must  be  qualified  in  that  it  applies 
only  to  single-degree-of-freedom  systems  to 
which  a  constant  spectral  density  per  y  cps  ran¬ 
dom  vibration  is  applied.  Also,  as  far  as  actual 
damage  potential  is  concerned,  no  considera¬ 
tion  is  given  to  the  various  types  of  statistical 
amplitude  distributions  which  may  be  encoun¬ 
tered  in  random  vibration.  Nevertheless,  it  is 
illustrated  that  the  correlation  of  random  to 
sine  wave  vibration  depends  upon  the  Q  of  the 
resonant  system  and  fn,its  resonant  frequency. 
Therefore,  it  is  not  possible  to  arrive  at  a  cor¬ 
relation  constant  which  applies  to  a  complex 
system  with  many  resonant  frequencies  and 
many  values  of  Q. 

The  single-test  point  on  Figure  8  represents 
the  average  ratio  of  acceleration  spectral  den¬ 
sity  to  sine- wave  acceleration  required  to  cause 
failure  of  the  test  beams  where  a  band  width  of 
20  to  500  cps  was  used.  The  Q  of  these  beams 
as  determined  experimentally  was  approxi¬ 
mately  10  with  a  tip  double  amplitude  of  2.5  in. 
With  a  tip  double  amplitude  of  1.0  in,  the  Q  is 
increased  to  approximately  30. 

The  poor  correlation  shown  in  Figure  8  is 
not  surprising  since  the  beams  are  not  single- 
degree-of-freedom  systems.  Also,  the  fact  that 
the  damping  of  the  beams  was  extremely  non¬ 
linear  in  the  high  amplitude- range  may  contrib¬ 
ute  to  this  apparent  discrepancy. 


SUMMARY 

The  foregoing  experiments  have  served  to 
illustrate  a  few  of  the  rather  serious  problems 
connected  with  applying  random  vibration  in 
general  laboratory  work.  These  experiments 
have  shown  two  major  limitations: 

First,  to  conduct  broad-band  random  vibra¬ 
tion  tests,  facilities  with  very  high  acceleration 
capabilities  are  required.  Therefore,  producing 
random  vibration  in  practical  laboratory  work 
may  require  the  development  of  costly  vibration 
test  facilities  with  greatly  increased  performance 
requirements. 

Secondly,  the  responses  of  vibrators  to  internal 
resonances  or  to  resonances  of  the  test  item 
may  result  in  wide  variations  in  the  random, 
noise  acceleration  applied  to  a  test  specimen. 
Although  it  should  be  possible  to  correct  the 
peaks  and  valleys  in  the  random  noise  response 
with  filters,  experience  may  show  the  task  to  be 
extremely  complex  and  tedious. 

These  illustrations  of  problems  connected 
with  random  noise  testing  are  by  no  means  the 
only  serious  problems.  For  example,  there  are 
questions  to  be  answered  such  as  "How  do  we 
compensate  vibrator  response  for  rotational 
motion  induced  by  a  dynamic  condition  of  the 
specimen?"  "How  certain  are  we  that  intolerable 
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malfunctions  observed  in  the  laboratory,  which 
are  due  to  several  simultaneous  resonances, 
will  actually  occur  in  service?" 

The  real  value  of  random  vibration  test 
techniques  actually  cannot  be  appraised  until 
more  is  known  about  the  true  service  environ¬ 
ment.  Investigations  must  be  conducted  on  the 
structural  conditions  in  widely  scattered  regions 


of  missiles.  These  investigations  ought  to  be 
of  a  thorough,  comprehensive  nature  similar 
to  those  conducted  on  aircraft.  It  is  essential 
that  the  highest  priority  be  given  to  these 
assignments  because  from  these  studies  and 
from  laboratory  experiments,  we  shall  be  look¬ 
ing  for  the  answer  to  the  question:  "Is  it  nec¬ 
essary  to  adopt  random  vibration  testing  as  a 
general  requirement?" 


*  *  * 


CONFIDENTIAL 


THE  APPLICATION  OF  ANALYSIS  TECHNIQUES 
TO  LABORATORY  TESTING 


J.  P.  Kearns,  Applied  Physics  Lab,  Silver  Spring,  Md. 


The  application  of  analysis  techniques  to  the  problem  of  laboratory 
testing  should  help  to  predict  whether  a  given  measured  vibration  is 
likely  to  cause  a  malfunction  in  a  component.  Methods  of  flight- 
vibration  analysis  are  reviewed  along  with  the  problem  of  vibration 
transmission  on  a  simple  structure.  Consideration  is  given  to  the 
problem  of  correlation  of  failures  produced  by  a  simulated  multi - 
frequency  environment  with  the  failures  produced  by  sine-wave  tests. 


The  goal  of  the  vibration  analyses  and  tests 
is  the  development  of  a  given  system  which  will 
function  well  during  its  lifetime  in  an  environ¬ 
ment  which  includes  vibration.  During  this 
symposium  the  emphasis  is  on  the  comparison 
of  the  several  schemes  of  testing  systems  in 
the  laboratory.  It  has  been  suspected,  for 
example,  that  the  sine-wave  sweep  technique  is 
not  adequate,  and  the  question  has  indeed  been 
raised  as  to  whether  it  proves  anything  at  all. 

A  general  review  is  helpful  in  trying  to  find 
some  answer  to  the  problem.  In  the  beginning, 
one  presumably  starts  with  a  vast  amount  of 
recorded  data  in  the  form  of  input  accelerations 
to  the  system  under  study.  While  a  complete 
analysis  of  these  records  is  not  being  proposed, 
it  is  desirable  to  describe  such  an  analysis. 
One  can  refer  to  it  as  a  perfect  analysis  to 
which  all  other  studies  can  be  compared.  In 
what  would  it  consist?  The  mathematical  de¬ 
scription  which  comes  to  mind  is  that  of  a 
Fourier  Series.  The  quantities  which  are 
needed  to  describe  the  series  are  the  ampli¬ 
tudes  and  the  phase  angles.  The  frequencies  of 
the  terms  correspond  to  integral  multiples  of 
a  fundamental  frequency.  The  fundamental  fre¬ 
quency  is  not  arbitrary,  but  depends  upon  the 
time  interval  of  the  record  under  examination. 
If  the  time  interval  is  1,000  seconds,  the  funda¬ 
mental  frequency  is  1/1,000  cps.  If  the  input 


acceleration  contains  information  up  to  1,000 
cps,  the  determination  of  1,000,000  Fourier 
amplitudes  and  1,000,000  phase  angles  are 
required  to  describe  the  function.  This  would 
be  a  staggering  task. 

The  perfect  analysis  of  one  time  interval  of 
1,000  seconds  is  not  enough.  One  has  to  get 
records  for  other  time  intervals.  The  sum  total 
of  Fourier  coefficients  and  phase  angles  then  is 
available  for  analytical  studies.  Bearing  in  mind 
that  only  one  input  at  one  point  in  the  system  is 
represented,  consider  that  the  other  inputs  are 
equal  to  it  in  all  respects.  One  then  asks  about 
the  behavior  of  an  end  function  of  interest.  Such 
an  end  function  is  the  contact  force  of  an  arm  on 
a  relay.  If  the  transfer  characteristics  are 
completely  determined  both  as  to  amplitude 
ratio  and  phase  lag,  then  the  knowledge  of  the 
Fourier  input  amplitudes  and  phase  angles  may 
be  employed  to  frame  a  series  expression  for 
the  instantaneous  contact  force  of  the  arm  on 
the  relay. 

As  a  practical  matter,  no  one  has  even  ap¬ 
proached  such  a  thorough  analysis.  What  steps 
are  usually  taken  ?  The  long  record  is  divided 
into  strips.  These  strips  are  studied  by  means 
of  band-pass  filters  and  a  quantity  known  as  the 
power  spectral  density  is  derived.  The  power 
spectral  density  is  not  easy  to  visualize. 
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Perhaps  the  best  way  to  look  at  the  problem  is 
to  consider  a  room  full  of  50  audio  oscillators, 
each  having  the  same  output  voltage.  Have 
them  all  connected  so  that  the  outputs  add. 
Suppose  that  25  of  the  oscillators  are  tuned  in 
frequency  increments  of  2  cps  in  a  range  of  150 
to  200  cps.  Next  suppose  that  25  are  tuned  in 
increments  of  4  cps  in  the  range  from  200  to 
300  cps. 

Let  the  combined  output  be  used  to  drive  a 
shaker  upon  which  is  mounted  a  spring- mass 
system  tuned  at  175  cps.  Assume  its  damping 
factor  to  be  such  that  it  responds  sharply  to 
forces  at  frequencies  anywhere  from  165  to 
185  cps.  Ten  oscillators  are  thus  effective  in 
that  20  cps  band,  and  the  combined  shaker 
forces  is  made  up  of  ten  components  which  are 
effective  in  driving  the  spring- mass  system. 
Then  retune  the  spring- mass  systemto  250  cps, 
and  leave  its  damping  factor  unchanged.  The 
frequencies  to  which  it  is  sensitive  then  range 
from  236  to  264  cps.  It  is  apparent  that  it  is 
effectively  subjected  to  sevenforces.  Intuitively, 
then,  one  sees  that  the  motions  in  the  first  case 
are  greater  than  they  are  in  the  second.  The 
power  spectral  density  is  said  to  be  greater  in 
the  first  case. 

■* 

The  word  "power"  is  somewhat  misleading. 
At  times  the  spectral  density  refers  to  accel¬ 
eration,  or  to  displacement,  or  any  quantity  of 
interest.  A  short  and  incomplete  discussion  is 
given  here  in  order  to  introduce  a  term  which 
may  be  unfamiliar  to  many  readers. 

The  power  spectral  density  and  a  transfer 
characteristic  or  transmissibility  are  needed 
for  analytical  studies.  The  transmissibility,  in 
a  general  sense,  is  the  ratio  of  the  desired 
quantity  to  a  known  input  quantity  at  a  given 
frequency.  A  graph  of  transmissibility  versus 
frequency  can  be  used  with  a  graph  of  input 
power  spectral  density  to  derive  a  root  mean 
square  value  (rms)  of  the  desired  quantity. 

It  is  realized  that  the  rms  value  of  any  quan¬ 
tity  does  not  convince  anyone  that  the  variable 
is  going  to  stay  within  satisfactory  bounds.  How 
high  are  the  peaks  ?  In  order  to  come  to  grips 
with  this  problem,  statisticians  have  examined 
various  functions  of  time  and  have  developed 
theories  about  one  kind  called  a  stationary  ran¬ 
dom  function  of  time.  If  the  function  is  random, 
it  is  not  predictable  in  detail  based  upon  any 
previous  knowledge.  If  it  is  stationary,  its 
amplitude  distribution  pattern  for  each  strip  of 
record  seems  to  be  like  that  of  every  other 
strip.  Once  these  characteristics  have  been 
established,  thin  the  statistician  can  make 


remarks  to  answer  the  question:  How  bad  can 
things  get  for  how  long  a  time  ?  In  order  to  take 
advantage  of  these  techniques,  one  has  to  apply 
certain  tests  to  the  given  vibration  record  to 
classify  it  as  being  both  stationary  and  random. 

In  some  cases  which  the  writer  has  seen,  the 
function  has  not  been  stationary.  The  statistical 
techniques  must  be  handled  with  care.  Perhaps 
they  do  not  apply  at  all.  One  approach  is  to  study 
the  behavior  of  electrical  analogs  to  mechanical 
systems  when  various  measured  flight  vibra¬ 
tion  accelerations  are  played  into  the  analogs. 
Some  interesting  uniformities  have  appeared, 
such  as  the  fact  that  the  peak  response  of  all 
the  analogs  tested  never  exceeded  4  times  the 
rms  value.  An  appreciation  of  what  an  analog 
does  is  gained  by  considering  what  would  have 
to  be  done  analytically  with  a  record  1,000 
seconds  long,  as  mentioned  earlier.  A  million 
amplitudes  and  a  million  phase  angles  for  both 
the  input  wave,  and  for  the  transfer  character¬ 
istic  would  have  to  be  considered. 

Raymond  Mindlin  of  Columbia  University  is 
to  be  credited  with  the  suggestion  that  analogs 
might  be  used  to  advantage  in  trying  to  under¬ 
stand  flight  vibrations.  Dr.  Robert  Mains  and 
R.  L.  Stallard  applied  and  extended  the  concept 
in  studies  of  the  Talos  missile  flight  vibration  (1). 
Much  information  has  been  gathered  concerning 
the  statistical  behavior  of  the  response  of  single- 
degree-of-freedom  analogs.  Such  information 
is  of  value  in  trying  to  understand  the  nature  of 
input  vibrations  which  are  not  easy  to  classify 
as  stationary  and  random. 

The  foregoing  discussion  has  been  given  to 
answer  questions  about  what  can  be  learned 
about  Input  vibration  waves.  Let  us  now  con¬ 
sider  the  problem  of  a  man  with  a  component 
in  need  of  testing.  In  order  to  clarify  the  picture 
somewhat,  consider  a  relay.  Vibrate  it  sinus¬ 
oidally  in  its  vertical  plane  and  monitor  an 
instrument  which  tells  you  that  the  relay  has 
or  has  not  broken  contact.  Record  the  accel¬ 
eration  level  at  each  frequency  at  which  the 
contact  is  broken.  Refer,  then,  to  the  curve  as 
a  "G  to  Failure"  curve.  How  can  this  informa¬ 
tion  be  used  to  reach  a  decision  about  the 
reliability  of  this  one  contact  in  the  vertical 
plane  of  vibration? 

Another  set  of  measurements  has  to  be 
acquired.  Using  the  actual  package,  find  the 
vertical  acceleration  at  the  point  where  the 
relay  is  to  be  mounted  when  the  driving  sinus¬ 
oidal  vibration  at  the  mounting  points  is  at  a 
constant  level,  and  is  slowly  varied  over  the 
spectrum  of  frequencies  expected  to  occur  in 
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practice.  The  ratio  of  the  acceleration  at  the 
mount  to  the  acceleration  at  the  input,  plotted 
against  frequency,  is  termed  a  transfer  char¬ 
acteristics,  "Yj"  (Figures  1  and  2). 


INTERNAL  ELECTRO -STRUCTURAL 
DYNAMIC  SYSTEM-' 


Figure  1  -  Internal  electro-structural 
dynamic  system 


Figure  2 


Recall  that  an  acceleration  spectral  density 
was  derived  from  flight  records.  An  attempt 
will  be  made  through  a  sample  problem  to  show 
how  the  spectral  density,  the  transfer  character¬ 
istic,  and  the  "G  to  Failure"  curves  can  be  used 
to  compute  the  likelihood  of  failure. 

Assume  that  the  transfer  characteristic, 
"Y1"  and  the  input  acceleration  spectral  density 


"ga"  are  such  as  to  permit  a  representation  of 
the  excitation  spectrum  as  being  made  up  of 
only  two  accelerations,  one  with  a  rms  ampli¬ 
tude  of  2  g  at  the  frequency  of  100  cps  and  the 
other  with  a  rms  amplitude  of  5  g  at  a  frequency 
of  300  cps.  Suppose  that  the  rms  sinusoidal 
acceleration  required  to  produce  failure  is  3  g 
at  100  cps  and  10  g  at  300  cps.  Refer  to  Figures 
1  and  2. 

It  is  convenient  to  think  of  the  two  exciting 
vibrations  acting  separately.  If  the  system  is 
linear,  and  a  2  g  (rms)  exciting  vibration  is 
available  where  a  3  g  (rms)  sinusoidal  test 
vibration  is  required  to  produce  a  failure,  then 
it  is  natural  to  think  that  the  device  is  2/3  of 
the  way  along  to  trouble.  Such  a  number  can 
be  called  a  "susceptibility  ratio”.  It  would  be  a 
reasonable  estimate  provided  that  the  flight 
wave  and  the  test  sine  wave  had  similar  ampli¬ 
tude  distributions. 

It  is  granted  that  it  is  difficult  to  compare 
the  response  amplitude  distribution  produced 
by  an  input  wave  of  varying  amplitude  at  one 
frequency  with  the  response  amplitude  distri¬ 
bution  produced  by  an  input  sinusoidal  wave  at 
constant  amplitude  at  that  frequency.  This  is 
not  the  only  problem.  It  is  difficult  to  see  how 
the  ‘two  ratios  can  be  combined.  In  order  to 
gain  an  understanding  of  the  problem  it  is  sug¬ 
gested  that  it  is  similar  to  the  problem  of  find¬ 
ing  the  rms  value  of  one  quantity  when  input  and 
transfer  data  are  given  as  shown  in  the  following 
formula  taken  from  Reference  2. 


rms  =  T/l  Y22  Y/  GAAf 

The  application  of  this  formula  proceeds  as 
follows:  that  one  value  of  Vy/  GAAf  is  the  2  g 
input  acceleration,  and  that  the  transfer  charac¬ 
teristic,  "Y2"  is  the  inverse  of  the  sinusoidal 
acceleration  required  for  failure  at  that  fre¬ 
quency,  namely  1/3. 

Likewise,  the  other  value  of  Vyj2  ga  A  f  is  5  g, 
and  the  corresponding  value  of  "Y2"  is  1/10.  It 
is  convenient  to  refer  to  the  end  result  as  the  net 
susceptibility  ratio,  based  upon  rms  values,  or 
N.S.R.  (rms).  In  this  case: 


The  fact  that  this  number  is  less  than  unity 
does  not  insure  safety  of  the  component.  It  is 
presently  believed  that  the  peak  value  of  the 
N.S.R.  ought  to  be  used.  The  notion  is  that  in 
the  case  of  a  relay  it  represents  the  ratio  of  the 
releasing  force  to  the  preload  force  on  the  con¬ 
tact,  and  that  the  instantaneous  peak  value  deter¬ 
mines  whether  or  not  the  contact  is  broken. 
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The  problem  of  the  peak  response  of  a 
system  having  many  degrees  of  freedom  is 
relevant.  The  peak  response  of  such  a  system 
to  a  complex  wave  input  is  likely  to  be  more 
than  1.414  x  the  rms  value.  At  present,  the  only 
information  at  hand  is  that  which  has  been 
obtained  for  single-degree-of-freedom  systems 
with  a  certain  damping  factor  responding  to 
Talos  flight  vibrations.  The  greatest  measured 
ratio  of  peak  to  rms  value  was  4.  In  the  absence 
of  any  better  information,  a  trial  value  of  the 
peak  net  susceptibility  ratio  is: 


N.S.R.  (Peak)  -  2.35 

It  is  concluded  that  the  hypothetical  component 
is  unacceptable  for  use  in  the  given  vibration 
environment,  because  the  net  susceptibility 
ratio  of  peak  values  is  2.35  times  greater  than 
a  failure  value  of  unity. 

We  are  now  prepared  to  ask  whether  a  sine- 
wave,  slow- sweep  test  establishes  any  facts 
about  the  resistance  of  a  system  or  a  component 
to  a  complex  vibration.  If  it  is  found  that  a 
package  can  withstand  a  10  g  (rms)  test  from 
0  to  3,000  cps,  then  how  much  complex  vibra¬ 
tion  can  be  endured? 

It  should  be  pointed  out  that  a  given  package 
might  be  able  to  endure  much  greater  accelera¬ 
tions  at  some  frequencies.  With  the  problem  as 
given,  however,  the  most  pessimistic  view  is 
that  at  any  increased  acceleration  a  malfunction 
would  occur. 


This  view  of  the  problem  establishes  the 
minimum  values  of  the  transfer  character¬ 
istic,  "Yj", and  the  Y2  =  (1/gf)  curvesof  all  the 
devices  within  the  package.  All  of  the  net 
susceptibility  ratios  are  a.t  least  less  than: 

4  /  l\2 

N.S.R.  (Peak  values)  i  Y7JJ4  ]/2  GAAf' 


while  in  another  frequency  band,  another  may 
be  sensitive.  If  one  uses  the  minima  of  all  the 
"G's  to  Failure"  curves,  he  will  be  conservative 
in  his  calculation  of  a  net  susceptibility  ratio. 
This  discussion  has  assumed  that  for  one 
reason  or  another  it  is  inconvenient  to  obtain 
detailed  "G  to  Failure"  curves  for  each  com¬ 
ponent. 

If  the  "G  to  Failure"  curve  is  available  for 
each  elementary  function  of  each  component, 
and  the  transfer  function  of  the  structure  is 
available,  then  a  net  susceptibility  ratio  may 
be  computed  for  each  of  the  functions.  If  it, is 
learned  from  many  tests  that  these  ratios  are 
meaningful,  then  this  ability  to  predict  is  the 
first  step  toward  control.  The  design  of  a 
structure  so  that  all  of  the  ratios  will  be  less 
than  1,  is  an  important  task  which  will  not  be 
discussed  in  detail.  It  is  helpful  to  list  the 
transfer  characteristic  variables  for  a  struc¬ 
ture.  The  transfer  characteristic  of  a  linear 
structure  is  made  up  of  contributions  from  an 
infinite  number  of  vibration  modes.  The  degree 
to  which  each  mode  contributes  to  the  total  dis¬ 
placement  is  influenced  by  five  factors;  namely: 
the  location  of  the  point,  the  mode  shape,  the 
mass  distribution,  the  natural  frequency,  and 
the  damping  factor. 


For  example,  the  transfer  characteristic  for 
a  simple  pin- ended  beam  is  given  by  the  follow¬ 
ing  expression,  taken  from  Reference  2: 


V  - 


Output  Acceleration  2 
Input  Acceleration 


1  *  L  te)  w- 


L  fef  w- 


k-1,3,5 


where 

u  *  driving  frequency, 
uk  =  resonant  frequency  of  k'th  mode, 


Choosing  a  value  of  N.S.R.  of  unity  results  in 
a  determination  for  VGAAf  a  quantity  which  is 
an  allowable  rms  input  acceleration.  In  this 
example,  the  allowable  value  of  3.5  g  is  pre¬ 
dicated  upon  the  empirical  factor  of  4  which  may 
have  to  be  changed  when  more  information 
becomes  available. 


M  =  Mass  of  beam, 

L  »  Length  of  beam, 


The  next  most  conservative  thing  to  do  is  to 
establish  a  "G  to  Failure"  curve  for  the  package 
as  a  whole,  and  once  more  apply  the  formula. 
This,  too  is  conservative,  because  in  one  fre¬ 
quency  band,  one  component  may  be  sensitive, 


El  -  Bending  stiffness, 
p  =  Damping  parameter, 
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An  important  consideration  is  that  of  the 
natural  frequency.  Both  intuition  and  analysis 
agree  in  requiring  that  the  natural  frequency  of 
any  mode  should  be  separated  from  the  minimum 
points  in  a  "G  to  Failure"  curve. 

The  mechanisms  by  which  a  measured  vibra¬ 
tion  wave  may  produce  a  malfunction  involve 


careful  analysis  of  all  the  input  vibrations, 
bearing  in  mind  that  they  do  not  fall  into  con¬ 
venient  classifications.  A  useful  tool  in  under¬ 
standing  vibrations  is  the  effect  produced  upon 
mechanical  systems  or  analogs  of  mechanical 
systems.  The  transmission  of  vibrations  in  any 
practical  structure  is  hard  to  compute,  but 
insight  into  measured  values  and  techniques  for 
changing  them  are  provided  by  linear  normal¬ 
mode  theory. 

The  notions  of  power  spectral  density,  trans- 
missibility,  and  net  susceptibility  ratio  have 
been  described  to  show  a  process  by  which  an 
estimate  of  the  component  reliability  can  be 
computed.  The  validity  and  utility  of  the  process 
have  not  yet  been  demonstrated.  It  is  hoped 
that  the  results  of  future  tests  and  field  experi¬ 
ence  will  be  in  accord  with  predictions  provided 
by  the  net  susceptibility  ratio  of  peak  values. 
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DISCUSSION 


Dr.  McCalley,  General  Electric  Co.:  Could  you 
tell  me  if  this  other  paper  you  referred  to 
with  the  derivations  in  it  is  available?  Is  it 
possible  to  get  a  copy? 

Kearns:  Well,  there  are  a  number  of  deriva¬ 
tions  on  the  market  and  each  time  I  come  up 
with  one  of  them,  as  here,  I  have  to  refer  to 
some  other  paper.  Parseval's  Theorem  is 
known  and  used,  but  it  was  not  known  to  me 
when  I  needed  it.  I  got  the  derivation  from 
Rice's  paper.  Mr.  S.  O.  Rice  wrote  a  rather 


distinguished  paper  on  the  mathematical  analy¬ 
sis  of  random  noise  which  is  always  good  to 
include  for  a  reference.  I  could  tell  you  to  go 
to  that  one,  but  I  have  a  derivation,  too,  in  APL 
report  CF-2422.  It  is  unclassified.  What  I 
really  get  there  is  a  correlation  between  the 
coefficient  of  the  input  wave  and  the  power 
spectral  density.  It  shows  you  how  to  get  a 
rms  value  of  the  quantity.  Knowing  the  power 
spectral  density  of  the  transmissibility  curve 
is  just  one  step  further  and  can  be  done  exactly 
the  same  way. 
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THE  SELECTION  AND  PERFORMANCE  OF 
SINGLE-FREQUENCY  SWEEP  VIBRATION  TESTS 


Allen  J.  Curtis,  Hughes  Aircraft  Co. 


Characteristics  of  response  of  a  system  to  actual  environments  and  to 
typical  specification  tests  are  compared  for  the  purpose  of  selecting 
appropriate  tests.  The  use  of  sweep  tests  for  transient  fatigue  and 
production  testing  is  discussed,  with  emphasis  on  the  selection  of  a 
sweep  rate  for  each.  The  relationship  of  desired  tests  to  vibration 
table  capabilities  is  mentioned  briefly. 


Many  of  the  vibration  tests  required  in  Gov¬ 
ernment  specifications  are  of  two  types.  One 
type  calls  for  a  constant  displacement  and/or 
constant  acceleration  input  to  the  test  object 
while  the  frequency  is  varied  continuously  over 
a  given  frequency  range  or  bandwidth  in  a  pre¬ 
scribed  time.  The  other  type  requires  a  con¬ 
stant  input  at  the  resonant  frequency  or  fre¬ 
quencies  of  the  test  object,  for  a  given  time. 

It  is  the  purpose  of  this  paper  to  present 
some  observations  on  the  adequacy  of  the  first 
type  of  test  and  the  manner  in  which  it  should 
be  performed,  and  the  compromises  that  must 
be  made  when  practical  considerations  of  test 
equipment,  etc.,  are  taken  into  account. 

Let  us  first  consider  the  nature  of  expected 
shock  and  vibration  environments  for  military 
equipment,  particularly,  airborne  equipment, 
such  as  fire-control  systems,  missiles,  etc. 
Available  data  indicate  that  the  vibration  encoun¬ 
tered  in  flight  is  essentially  random  in  nature, 
that  is  to  say,  the  excitation  has  harmonic  con¬ 
tent  over  the  whole  frequency  spectrum,  and 
the  amplitude  and  phase  at  each  frequency  is 
varying  in  a  random  manner  with  time,  and  is 
normally  distributed.  In  addition  to  this  random 
vibration  or  noise,  some  steady-state  excitation 
at  one  or  more  frequencies  may  exist.  Finally 


shocks,  or  short-duration  transients  whose 
level  is  significantly  higher  than  the  accompany¬ 
ing  random  and  steady-state  vibration,  will 
occur  from  time  to  time,  due  to  take-off,  land¬ 
ing,  gusts,  etc.  For  a  missile,  there  is  also 
the  launching  shock  from  the  rocket  motor  firing, 
which  is  probably  the  most  severe  shock  that  it 
will  encounter. 

One  now  asks  "How  do  the  two  types  of  vibra¬ 
tion  tests  previously  mentioned  simulate  this 
type  of  environment,  or  guarantee  that  equipment 
which  has  passed  such  tests  will  perform  effi¬ 
ciently  and  reliably  in  the  field?"  It  is  apparent 
that  it  is  not  too  important  for  atest  to  simulate 
exactly  an  environment  providing  it  adequately 
assures  performance  and  reliability.  However, 
since  there  is  only  a  remote  chance  that  a 
humidity  test  will  assure  performance  in  a 
vibration  environment,  there  will  tend  to  be  a 
definite  correlation  between  the  environment 
and  test  characteristics  if  the  objective  is  to 
be  attained. 

If  the  similarities  between  the  responses  of 
systems  to  the  two  types  of  vibration  tests  and 
the  environment  are  examined,  the  selection  of 
the  appropriate  test  is  made  more  easily. 

Although  the  response  of  systems  to  random 
vibration  has  yet  to  be  thoroughly  explored,  it 
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is  known  that,  in  general,  the  response  will  be 
at  the  natural  frequencies  of  the  systems  with 
randomly  varying  amplitude.  The  response  of 
systems  to  steady-state  excitation  is  well- 
defined,  needing  no  further  comment,  and  the 
response  of  systems  to  shock  will  be  at  the 
natural  frequencies  and  maybe  defined  by  shock 
spectra. 

Now  let  us  look  at  the  two  types  of  vibration 
tests.  Resonance  tests  will  of  course  produce 
a  response  at  the  excitation  or  natural  frequency 
at  constant  amplitude.  Thus  resonance  testing 
will  simulate  the  response  of  systems  to  steady- 
state  excitation  which  coincides  closely  with  a 
natural  frequency,  and  may  possibly  be  used  to 
simulate  the  response  to  random  vibration 
statistically.  The  single  frequency  sweep,  with 
which  we  are  most  concerned  here,  will  excite 
the  resonant  frequencies,  one  at  a  time,  for 
short  periods.  In  other  words,  unless  the  sweep- 
rate,  or  rate-of-change  of  frequency  is  extremely 
small,  a  sweep-test  can  be  considered  to  be 
similar  to  a  shock  test,  except  that  the  natural 
frequencies  and  modes  are  excited  progressively 
during  the  test  instead  of  simultaneously  as  in 
a  shock  test. 

Thus  a  sweep  test  does  not  appear  to  be  an 
adequate  simulation  of  either  a  random  or 
steady-state  vibratory  environment.  However, 
except  that  the  natural  frequencies  are  excited 
one  at  a  time,  it  does  simulate  the  transient 
environment.  Accepting  this,  it  is  then  possible 
to  arrive  at  the  correct  input  level  for  a  sweep 
test  as  follows.  The  severity  of  transient 
excitation  can  only  be  defined  in  terms  of  the 
response  of  a  system,  and  the  shock  spectrum 
is  commonly  used  for  this.  Thus  the  level  of 
the  sweep  test  should  be  such  that  the  response 
of  the  test  object  is  equivalent  to  its  response 
in  the  transient  environment,  and  should  be 
specified  in  terms  of  response  instead  of  input. 

Of  course,  it  must  be  appreciated  that  the 
foregoing  remarks  apply  to  those  sweep  tests 
of  fairly  short  duration,  which  are  not  intended 
to  be  used  as  fatigue  tests.  It  is  felt  that  fatigue 
tests  are  better  conducted  as  random  or  reso¬ 
nance  tests  when  the  significant  modes  are 
known.  If  the  resonances  are  not  known,  then 
sweep  tests  may  have  to  be  employed. 

Thus  far  then,  for  type  or  proof-of-design 
environmental  tests,  a  sweep  test  is  satisfactory 
for  simulating  transient  environments.  There 
is,  in  addition,  one  more  important  use  of  this 
type  of  test,  namely,  assurance  or  proof-of- 
workmanship  tests.  For  this  type  of  test,  by 
definition,  the  test  object  is  of  proven  design, 


and  it  is  desired  only  to  assure  oneself  that  the 
units  being  produced  are  of  satisfactory  quality. 
In  general,  the  unit  or  system  will  be  operated 
during  the  test  and  its  performance  monitored. 
Of  course,  a  shock  test  may  be  used  for  the 
same  purpose  but  there  are  some  advantages  to 
using  a  sweep  test.  For  example,  it  is  gener¬ 
ally  easier  to  monitor  the  performance  and  to 
discover  a  malfunction  in  a  sweep  test  than  in  a 
shock  test.  The  choice  of  level  for  such  a  test 
is  somewhat  arbitrary,  and  not  well  defined. 
Certainly  one  would  expect  the  level  to  be  less 
than  that  used  in  a  type  test,  but  of  course  it 
must  be  high  enough  to  discover  the  major  per¬ 
centage  of  production  deficiencies  without  dam¬ 
aging  the  unit  or  reducing  its  operating  life. 
The  adequacy  of  the  test  can  be  determined  only 
from  the  subsequent  field  performance  and  reli¬ 
ability  of  the  units. 

Having  briefly  discussed  the  selection  of  a 
single-frequency  sweep  test,  let  us  briefly  turn 
our  attention  to  the  performance  of  such  a  test. 
First  assume  that  conditions  of  the  test  regard¬ 
ing  frequency  range,  input  to/or  response  of 
some  point  on  the  test  object  and  total  sweep¬ 
time  have  already  been  specified.  Presumably 
then,  it  is  known  exactly  how  to  conduct  the 
test.  Yet  there  have  been  many  instances  where 
tests  on  the  same  unit  to  the  same  test  specifi¬ 
cations  have  produced  very  different  results. 
There  are  many  possible  reasons— with  which 
we  are  all  familiar— that  can  cause  these  dis¬ 
crepancies.  In  the  following  remarks,  some  of 
the  effects  of  the  sweep- rate  will  be  discussed. 

First,  acknowledgment  must  be  made  to 
Maurice  Gertel  of  the  Barry  Corp.,  who  pre¬ 
sented  much  of  the  same  material  in  two  recent 
reports  (1,2)  to  WADC.  It  is  felt  that  repetition 
here,  with  some  extension  by  the  author,  will 
lend  completeness  to  this  presentation. 

Now  what  are  the  effects  of  sweep  rate  on 
the  response  of  a  test  object?  Certainly  if  the 
rate  is  low  enough,  the  response  of  each  fre¬ 
quency  will  be  the  steady-state  response  to 
input  at  that  frequency.  On  the  other  hand,  if 
the  sweep-rate  is  high  enough,  the  response  is 
not  steady-state,  and  resonances  will  not  build 
up  to  their  full  values.  If  they  did,  numerous 
pieces  of  rotating  machinery  would  not  be  oper¬ 
ating  above  the  first  critical  speed  of  the  shaft. 
Between  these  two  extremes  then,  lies  the 
sweep-rate  which,  it  is  hoped,  will  fully  excite 
all  resonances. 

Depending  on  the  purpose  of  the  test,  one 
may  also  wish  to  control  the  number  of  cycles 
or  time  at  high  amplification.  For  example, 
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simulation  of  transients  would  require  an  equal 
number  of  cycles,  since  natural  modes  with 
equal  Q’s  will  decay  in  an  equal  number  of 
cycles.  Similarly,  a  fatigue  life-test  would 
dictate  an  equal  number  of  cycles  at  each  reso¬ 
nance.  However,  for  a  service  life-test,  equal 
time  at  high  amplification  may  be  more  desir¬ 
able.  The  appropriate  sweep  rate  will  be  dif¬ 
ferent  for  each  requirement,  and  may  be  deter¬ 
mined  as  outlined  in  the  following  paragraphs. 

The  response  of  a  system  to  harmonic  exci¬ 
tation  of  variable  frequency  is  not  usually 
amenable  to  analytical  solution.  However, 
F.  M.  Lewis  (3)  has  obtained  a  solution  for  the 
response  of  a  single-degree-of-freedom  sys¬ 
tem  to  a  vibratory  force  of  constant  amplitude 
with  frequency  changing  at  a  constant  rate. 
Figure  1  is  a  reproduction  of  Figure  2  of  Lewis's 
paper  showing  the  response  of  a  system  with 


5  percent  critical  damping  for  various  sweep 
rates.  From  the  curves  presented  in  his  paper, 
the  rate  required  for  the  peak  amplitude  to  build 
up  to  a  given  percentage  of  the  steady  state  value 
at  the  resonant  frequency  may  be  determined 
for  various  amounts  of  damping.  These  are  not 
exactly  the  conditions  present  in  a  sweep  test, 
but  if  the  instantaneous  sweep  rate  at  each  fre¬ 
quency  is  no  greater  than  would  be  required  to 
excite  a  single-degree-of-freedom  system  to  a 
given  percentage  of  the  resonant  amplitude,  it 
may  then  be  assumed  that  approximately  the 
same  percentage  build-up  will  occur  at  each 
resonance  of  a  multi-degree-of-freedom  system. 
However,  for  modes  with  nearly  equal  natural 
frequencies,  this  assumption  may  no  longer  be 
as  valid. 

For  the  single-degree-of-freedom  system, 
if  the  frequency  rate  is  determined  from: 


Figure  1  -  Response  of  single-degree-of-freedom  with  5  percent 

critical  damping 
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where 


Q,  probably  unknown,  the  rate  appropriate  to 
the  highest  Q  should  be  used,  thus  subjecting 
the  lower  Q  modes  to  more  cycles  at  high 
amplification. 


h  =  rate  of  change  of  frequency  (cps/sec) 
f0  =  natural  frequency  of  system  (cps) 


Figure  2  shows  the  rate  of  change  of  fre¬ 
quency  as  a  function  of  frequency  for  k  =  l  and 
various  damping  values. 


R  =  a  constant  (equivalent  to  Lewis's  q) 

The  maximum  response  will  be  a  constant 
percentage  of  the  steady-state  resonant  ampli¬ 
tude  for  any  natural  frequency.  Examination  of 
the  curves  for  several  values  of  damping  and  r 
reveals  that  Equation  (1)  may  be  expressed  as: 


4^„2 


(2) 


where 

) 

100  C  ■  percent  critical  damping  of  system, 
k  «  a  constant, 

Q  “  maximum  amplification  factor  or 
transmissibility  of  system  for 
S  5  0.15, 

B  =  bandwidth  of  resonance. 

If  R  is  large  enough  to  allow  the  peak  ampli¬ 
fication  to  reach,  say  at  least  0.90  q,  then  the 
number  of  cycles  above  0.70  q  or  0.80  Q  will 
be  constant  for  varying  fQ,  and  approximately 
proportional  to  R  for  the  same  damping.  In 
addition,  for  the  same  percentage  build-up  for 
varying  damping  [equal  k  in  Equation  (2)],  the 
number  of  cycles  above  a  certain  level  will  be 
proportional  to  Q.  Combining  the  last  two  vari¬ 
ations  yields  the  result  that  for  equal  R  the 
number  of  cycles  above  a  given  level  will  be 
inversely  proportional  to  Q,  or  proportional  to 
bandwidth,  as  might  be  expected. 

The  response  of  multi-degree-of-freedom 
systems  can  be  controlled  by  using  the  above 
relations  to  determine  the  instantaneous  fre¬ 
quency  rate. 


Equation  (1)  may  be  integrated  to  determine 
the  time  to  sweep  from  fx  to  f2  to  produce  a 
desired  number  of  cycles  (N)  above  a  given  per¬ 
centage  amplification  as  follows: 


_N_  f2r  df  _N  f2r  R  df 
nr  Jfl  h  “  ^  Jft  f* 


(3) 


where  NR  is  the  number  of  cycles  for  a  given  R, 
which  may  be  determined  from  the  curves  of 
Reference  3. 

For  amplification  above  70  percent,  NR  be¬ 
comes  k  Q,  so  that 


tn 


(4) 


which  is  plotted  in  Figure  3. 

Now  consider  that  the  time  for  which  ampli¬ 
fication  above  a  desired  level  occurs  is  to  be 
held  constant  for  each  mode.  Evidently  the  time 
to  sweep  through  the  bandwidth  is  now  a  con¬ 
stant.  Thus  the  frequency-rate  is  expressed  by 
the  relation 


(5) 


where  ts  is  the  significant  time  at  each  reso¬ 
nance,  and  the  resulting  h  is  small  enough  to 
permit  adequate  response  of  the  system.  The 
time  for  a  sweep  from  fx  to  f2  may  be  found  by 
integration  to  be 


If  the  instantaneous  frequency  rate  is  deter¬ 
mined  from  Equation  (2)  with  k  =  1,  each  reso¬ 
nance  will  be  excited  to  approximately  95  per¬ 
cent  of  maximum  amplification.  The  number  of 
cycles  above  70  percent  of  maximum  amplifica¬ 
tion  will  be  approximately  equal  to  the  band¬ 
width  of  the  mode.  However,  since  each  reso¬ 
nance  of  the  system  is  likely  to  have  a  different, 
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2  r  df 
J^h  = 


.-•T 


-  Q  t. 


ln£ 


(6) 


which  is  plotted  in  Figure  4. 

Again,  when  resonances  of  varying  Q’s  are 
present,  the  significant  test  time  is  inversely 
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Figure  4  -  Time  (Ts)  to  sweep  from  frequency  fj  to  fj  with  significant 
test  time  ta  at  resonance 


proportional  to  the  corresponding  Q,  and  the 
sweep  time  must  be  based  on  the  highest  Q  for 
adequate  testing.  The  number  of  sweeps  or  total 
test  time  is  now  based  on  the  given  operating 
life. 

It  is  now  necessary  to  relate  the  preceding 
comments  to  capabilities  of  vibration  tables 
presently  available.  It  is  evident  that  there  is 
a  limit  to  the  rate  at  which  the  output  frequency 
of  a  particular  vibration  table,  loaded  with  a 
particular  test  object,  may  be  changed  if  wave¬ 
form  is  to  be  preserved  and  if  amplitude  is  to 
be  controlled  to  the  desired  accuracy.  If  a  test 
on  a  system  is  to  be  performed  at  most  a  few 
times  and  consists  of  one  or  two  frequency  sweeps 
it  may  be  satisfactory  to  control  amplitude  and 
frequency  manually. 

However,  long-duration  fatigue  tests  or  oft- 
repeated  production  tests  are  not  economically 
possible  with  manual  control.  Automatic  fre¬ 
quency  control  for  linear  and  logarithmic  fre¬ 
quency  sweeps  is  available.  It  is  seen  that  the 
logarithmic  sweep,  providing  it  is  not  too  rapid, 
corresponds  to  the  frequency  rate  of  Equation 
(5),  and  thus  gives  a  test  with  equal  significant 
time  at  each  resonance  for  a  service  life  test.  At 


present,  to  the  writer's  knowledge,  a  control 
system  to  produce  an  equal  number  of  cycles  at 
each  resonance  for  a  transient  or  fatigue  life 
test  is  not  available,  although  it  certainly  ap¬ 
pears  desirable  to  have  this  capability. 

Little  has  thus  far  been  mentioned  regarding 
excitation  amplitudes  of  sweep  tests.  For  some 
tests,  a  constant  displacement  or  constant  ac¬ 
celeration  over  some  frequency  band,  monitored 
either  on  the  table  or  on  the  test  object,  will  be 
satisfactory.  Automatic  amplitude  control  for 
such  a  test,  providing  the  sweep  rate  is  not 
excessive,  is  presently  available.  However,  a 
system  with  which  the  amplitude  or  accelera¬ 
tion  could  be  programmed  as  a  function  of 
frequency  appears  highly  desirable. 

To  summarize,  it  is  felt  that  single-frequency 
sweep  vibration  tests  are  often  applied  without 
due  regard  to  the  environment  which  they  are 
intended  to  simulate.  In  addition,  the  manner 
in  which  they  are  performed  requires  closer 
control  of  sweep  rate  if  consistent  results 
amenable  to  correct  interpretation  are  to  be 
obtained. 
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DISCUSSION 


Mills,  Canadian  Westinghouse:  I  have  two  ques¬ 
tions.  One:  what  is  the  journal  with  the  F.  S. 
Lewis  article?  Two:  according  to  an  article, 
I  believe  it  was  by  Chang  Bonart,  a  logarithmic 
frequency  sweep  rate  of  45  seconds  per  decade 
will  result  in  deflections  which  are  99  percent 
of  the  deflections  you  would  have  obtained  if  you 
had  stayed  on  one  frequency  with  a  maximum  Q. 
Does  that  figure  tie  up  with  your  F.  S.  Lewis 
article? 

Curtis:  I  am  not  familiar  with  the  reference 
you  cited  and  I  would  certainly  like  to  look  it  up 
myself.  The  Lewis  article  I  referred  to  is 
"V  ibration  During  Acceleration  Through  A  C  r  iti- 
cal  Speed,"  and  it  appeared  in  Transactions, 
ASME  in  1932. 

Nitchie,  ORL,  Penn.  State  Univ.:  Do  the  curves 
on  Figure  1  apply  to  both  directions  of  sweep? 

Curtis:  The  top  curve  is  for  decreasing  fre¬ 
quency,  and  the  bottom  one  for  increasing  fre¬ 
quency.  When  the  frequency  is  increasing  the 
peak  amplification  will  occur  at  higher  than  the 
natural  frequency.  Conversely,  if  the  frequency 
is  decreasing,  the  peak  amplification  occurs 
when  the  excitation  frequency  is  lower  than  the 
natural  frequency.  In  effect,  in  the  top  picture 
time  is  going  to  the  left,  and  in  the  bottom 
curves  time  is  going  to  the  right. 

Fine,  NQL,  Corona:  You  didn't  mention  any¬ 
thing  about  subharmonics.  How  about  that 
logarithmic  time  with  respect  to  subharmonics? 
Is  the  curve  still  linear  ? 

Curtis:  Let's  put  it  this  way:  Lewis's  paper  is 
based  on  a  linear  single-degree-of-freedom 
system,  and  it  has  just  been  postulated  that  if 
you  have  a  multi-degree-of-freedom  system 
with  resonances  and  modes  which  are  not  too 
strongly  coupled  together,  then  you  can  apply 


his  results  to  the  multi-degree-of-freedom 
system.  So  implicitly  we  have  assumed  that  it 
is  still  a  linear  system.  What  would  happen 
with  subharmonics,  I  certainly  would  not  wish 
to  comment  on. 

Steiner,  Sperry  Gyroscope:  I  was  wondering  if 
there  was  any  particular  reason  why  most  of  the 
vibrator  manufacturers  are  sweeping  linearly 
rather  than  logarithmically? 

Curtis:  Well,  there  are  some  of  them  in  the 
audience  that  I  recognize,  maybe  they  would 
like  to  answer  the  question.  I  have  no  ideas 
myself. 

Zimmer,  Calidyne  Co. :  The  logarithmic  sweeps 
are  currently  available  both  for  sweeping  with 
oscillators  or  with  motor  generator  sets. 

Curtis:  Excuse  me.  I  am  not  sure  if  Calidyne 
puts  out  equipment  that  sweeps  linearly,  but  why 
do  manufacturers  do  this?  Could  you  answer 
that  question? 

Zimmer:  As  far  as  sweeping  is  concerned,  it 
was,  in  the  early  stages  fairly  simple  to  just 
hook  up  a  little  motor  to  an  oscillator  dial  and 
turn  the  motor  over  at  a  constant  speed.  Your 
rate  then  depended  entirely  upon  what  the  oscil¬ 
lator  was  set  up  for.  In  the  case  of  rotary  driv¬ 
ing  equipment,  this  was  dependent  entirely  upon 
the  particular  motor  control,  which  was  in  most 
cases,  I  believe,  the  Ward- Leonard  control. 

C.  Morrow,  Ramo- Wooldridge  Corp. :  I  have 
just  one  comment  on  this  paper.  You  discussed 
this  morning  the  single  frequency  sweep,  and 
the  relationship  between  amplitude  and  Q .  As¬ 
suming  that  the  sweep  rate  is  quite  low,  as  you 
have  pointed  out,  we  still  have  a  certain  amount 
of  sweep  rate  to  play  around  with.  One  thing 
that  can  be  done  in  getting  a  little  better 
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approximation  to  a  single-frequency  equivalent 
is  to  pick  some  maximum  Q,  and  then  sweep  at 
a  rate  that  is  fast  enough  to  reduce  the  response 
at  that  maximum  Q  to  essentially  what  you  get 
for  low  Q's.  In  other  words— percentage  re¬ 
sponse.  According  to  this  approach  you  would 
get  a  higher  than  desired  response  for  the 
middle  range,  but  the  over- all  approximation 
would  be  better.  The  only  reason  that  I  have 
not  pursued  this  line  of  thought  very  far  is  that 
I  haven't  been  sure  you  could  control  a  motor- 
generator  set  to  the  precision  required  here. 
In  other  words,  if  the  motor-generator  moves 
at-all  spasmodically  then  every  so  often  you  do 
get  the  full  response  that  you  are  trying  to  avoid. 
If  you  have  an  oscillator  feeding  an  amplifier, 
you  can  probably  control  this  a  little  bit  better, 
but  then  you  will  already  have  the  makings  of  a 
complex  wave  system.  But  it  may  be  that  the 
motor  generator  sets  can  do  a  little  better  job 
than  I  had  assumed. 

Curtis:  Well,  I  quite  agree  with  you,  Dr. 
Morrow.  This  could  be  used,  but  we  have  never 
tried  to  do  so.  My  plug  was  to  have  us  at  least 
consider  sweep  rate  a  little  more  than  we,  or  at 
least  I,  have  done  in  the  past. 

Whiteley,  Naval  Ordnance  Lab.,  Corona:  From 
a  reliability  standpoint,  I  am  interested  in  one 
aspect  of  this  problem,  which  I  haven't  heard 
mentioned  yet.  That  is  the  definition  of  a  test 
or  a  sweep  frequency  which  would  be  done  at 
some  time-rate  as  a  standard,  and  starting  out 
with  some  low  amplitude  which  would  not  be 
destructive.  Ithinkthe  present  trend,  reliability- 
wise,  is  such  that  we  need  to  know  how  good  a 
piece  of  equipment  is,  and  not  just  that  it  passes 
a  specification.  It  would  seem  the  right  way  to 
achieve  this  answer  is  to  provide  a  test  which 
induces  failures.  I  think  that  there  is,  in  the 
current  literature,  a  large  amount  of  informa¬ 
tion  which  indicates  the  numberof  failures  which 
should  be  induced  in  order  to  determine  the 
mean  time  to  failure,  and  that  production  con¬ 
trol  tests  on  the  equipment  should  be  based  on 
this  determination  of  the  mean  time  to  failure. 
This  would  confirm,  within  certain  bounds,  what 
the  designer  had  in  mind  when  he  designed  the 
equipment.  I'd  like  to  know  if  there  is  anyone 
in  the  audience  who  has  been  thinking  along  this 
particular  line,  of  a  standardized  sweep- 
frequency  test  which  can  be  generated  to  evalu¬ 
ate  how  good  the  piece  of  equipment  is  ? 

Nankey,  ARDE  Assoc.:  I  would  like  to  say  that 
in  this  concept  of  testing  to  destruction  it  is  a 
good  idea  to  form  a  destruction  envelope,  but  it 
still  leaves  wide  open  the  question  of  the  equiv¬ 
alence  of  a  single-frequency  sweep  and  actual 
random  environment. 


Unholtz,  MB  Mfg.  Co.:  I'd  like  to  say  a  word 
on  linear  sweep  rates.  I  am  quite  sure  that 
some  of  the  folks  that  have  done  a  great  deal  of 
environmental  testing  feel  that  the  linear  sweep 
rate  is  justified  on  the  basis  that  if  you  have 
sinusoidal  excitations,  the  number  of  cycles  an 
aircraft  would  experience  would  depend  pri¬ 
marily  upon  the  frequency,  because  the  lower 
frequency  excitations  would  have  fewer  cycles 
in,  say,  a  two-hour  flight  than  the  higher  fre¬ 
quency  excitations.  Therefore  the  linear  rate 
tends  to  give  more  cycles  in  the  higher  frequen¬ 
cies  and  less  cycles  in  the  lower  frequencies 
rather  than  an  equal  number  at  any  resonance 
or  an  equal  degree  of  build-up  at  any  resonance. 

Curtis:  If  I  may  answer  Mr.  Unholtz,  the  loga¬ 
rithmic  sweep  is  the  one  which  gives  an  equal 
time  at  each  resonance,  and  the  thesis  here  is 
that  if  you  are  thinking  of  a  service  life  test 
where  the  environment  is  given  as  so  many 
hours,  then  you  wish  to  spend  an  equal  amount 
of  time  at  each  resonance.  This  is  the  logarith¬ 
mic  sweep. 

In  the  parabolic  sweep,  that  is  one  name  for 
it,  the  sweep  rate  is  proportional  to  frequency 
squared  and  this  gives  you  an  equal  number  of 
cycles.  But  with  the  linear  sweep  then  you  are 
one  degree  further  the  other  way.  The  sort  of 
cycle  you  are  simulating  assumes  that  an  item 
has  a  longer  life  at  the  lower  frequencies  or 
that  the  life  is  inversely  proportional  to  the 
frequency.  That  is  why  I  said  I  didn't  know  why 
we  used  linear  sweeps. 

Now,  of  course,  implicit  in  this  is  the  idea 
that  the  only  stresses  that  matter  are  the  ones 
that  occur  at  resonance.  If  it  is  just  amplifica¬ 
tion  of  1  or  1.2  which  is  going  to  be  damaging, 
then  maybe  you're  right.  But  I  think  most  of  us 
agree  that  it  is  the  resonances,  resonant  ampli¬ 
tudes,  or  amplification  at  resonance  which  are 
the  damaging  criteria. 

Granick,  WADC;  I'd  like  to  say  one  more  word 
about  linear  versus  logarithmic  sweeping.  Most 
of  us  usually  make  the  assumption  that  damping 
is  not  a  function  of  resonant  frequency.  That  is 
to  say,  we  presume  that  regardless  of  what  the 
resonant  frequency  is,  the  Q  of  the  curve  is  the 
same.  Now  experience  shows  us  that  this  is  not 
exactly  true.  At  the  higher  resonant  frequencies 
we  find  the  bandwidth  to  be  smaller,  the  Q’s  to 
be  higher,  and  therefore,  we  feel  that  a  linear 
cycling  rate  is  more  indicative  of  an  equal  or 
proportionate  number  of  cycles. 

Curtis:  I  believe  I  mentioned  that  the  one  big’ 
trouble  is  to  know  what  your  Q’s  are  and  to 
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allow  for  them.  However,  if  you  control  your 
sweep  rate  properly  you  are  not  going  to  get 
higher  amplification.  If  you  use  a  sweep  rate 
which  is  no  greater  than  necessary  to  excite  the 
highest  Q  resonance,  you  will  get  up  to  95  per¬ 
cent  amplification  so  that  slowing  down  even 
further  is  not  going  to  help.  My  own  feeling  is 
that  these  high  Q  modes  occur  when  we  deal 
with  materials  which  are  hardened,  such  as  the 


internal  elements  of  tubes.  You  can  make  a 
very  low  frequency,  low  Q  device  but  if  you 
spring-temper  the  steel,  you  can  get  a  very 
high  Q.  I  think  the  reason  for  low  Q*  s  and  low 
frequencies  may  be  found  in  the  way  in  which 
we  use  the  materials.  It  is  my  own  personal 
opinion  that  it  is  not  a  function  of  frequency  but 
a  function  of  the  materials. 
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DEVELOPMENT  AND  USE  OF  A  SHAPING  NETWORK 
FOR  COMPLEX-WAVE  TESTING 


R.  W.  Blevins  and  J.  S.  King,  Applied  Physics  Lab., 
Silver  Spring,  Md. 


The  design  of  a  set  of  networks  to  compensate  for  the  transfer  charac¬ 
teristics  of  an  amplifier-vibrator  combination  is  discussed  and  calibra¬ 
tion  techniques  for  the  system  are  reviewed.  The  use  of  the  system  is 
discussed  and  examples  are  given  of  the  types  of  spectra  obtainable. 
A  test  program  utilizing  the  system  is  reviewed  and  future  plans  are 
outlined. 


INTRODUCTION 


The  time-honored  method  of  running  vibra¬ 
tion  tests  has  been  with  a  single  degree  of  fre¬ 
quency  sine  wave.  The  military  specifications 
have  been,  and  still  are  based  upon  the  sine 
wave  for  both  type  and  production  tests.  Either 
the  dwell  test,  where  a  single  frequency  is  held 
for  a  prescribed  time,  or  a  sweep  test,  where  a 
frequency  spectrum  is  traversed  in  a  prescribed 
time,  is  specified.  The  trend  has  been  to  re¬ 
quire  a  higher  frequency  as  an  upper  limit. 

Recently,  in  the  missile  field  in  particular, 
there  has  been  an  increasing  awareness  of  the 
fact  that  the  sine  wave  test  is,  at  best,  a  poor 
simulation  of  the  actual  vibration  environment. 
The  telemetered  data  from  flight  indicate  that 
the  missile  environment  is  a  complex  wave  con¬ 
taining  many  frequencies  which  appears  to  be 
somewhat  random  in  amplitude.  It  is,  there¬ 
fore,  rather  obvious  that  the  profession  begin  to 
think  in  terms  of  complex-wave  or  noise  testing 
in  addition  to  sine-wave  testing.  Several 
complex-wave  systems  have  been  developed 
and  are  in  use  at  various  organizations  in  the 
country.  In  this  paper  we  will  describe  a  sys¬ 
tem  which  was  developed  at  the  Applied  Physics 


Laboratory  to  enable  components  and  missile 
systems  to  be  subjected  to  a  noise-type  vibra¬ 
tion  test. 

Although  complex-wave  testing  is  being  used 
more  widely,  we  should  realize  at  the  outset 
that  while  this  is  a  much  closer  simulation  to 
the  actual  environment  of  a  missile  there  is 
still  a  lot  that  can  be  accomplished  with  sine- 
wave  tests.  The  determination  of  resonances' 
and  transmissibility  curves  will  always  be  im¬ 
portant  in  the  development  and  evaluation  of 
designs. 

Let  us  assume  that  we  could  subject  a  black 
box,  containing  some  electromechanical  device, 
to  the  exact  vibration  environment  which  it  would 
receive  in  use.  Assume  further  that  its  output 
function  is  out  of  tolerance  during  this  test.  It 
would  then  be  necessary  to  trouble  shoot  by 
means  of  sine-wave  vibration  to  repair  the 
device.  However,  complex-wave  testing  will  be 
valuable  to  indicate  how  a  finished  component 
lives  in  the  environment  to  which  it  will  be 
subjected.  There  is  still  much  to  be  learned 
with  regard  to  component  fragility  when  sub¬ 
jected  to  complex-wave  vibration.  Studies  of 
this  subject  should  be  the  immediate  applica¬ 
tion  of  any  system.  The  need  for  a  realistic 
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quality-assurance  test  seems  to  be  a  further 
application.  It  appears  then,  that  complex- 
wave  testing  will  satisfy  as  a  production  test, 
while  sine-wave  tests  will  still  be  a  valuable 
tool  and  indeed  may  be  the  most  advantageous 
way  to  perform  a  type  test. 


THE  OVEH-ALL  SYSTEM 


In  order  to  reproduce  faithfully  a  flight  vibra¬ 
tion  environment,  one  must  generate  a  complex- 
wave  vibration  of  considerable  magnitude.  This 
means  that  the  fidelity  of  the  shaker  system 
must  be  good  and  that  a  relatively  large  amount 
of  power  must  be  available.  The  latter  problem 
is  solved  simply  by  providing  a  large  amplifier. 
Our  system  uses  a  15-kw  amplifier  and  even 
larger  ones  are  in  use. 

The  commercial  electromagnetic  vibrators 
generally  have  a  response  curve  which  is  defi¬ 
nitely  not  flat  and  which  Varies  with  the  mass 
on  the  vibration  table.  There  are  three  basic 
approaches  to  correct  this  problem. 

•  The  first  is  to  build  an  amplifier-shaker 
combination  with  a  flat  response  up  to  a 
reasonably  high  (30  kc)  frequency. 

•  The  second  is  to  build  a  servo  or  feed¬ 
back  system  which  would  apply  automatic 
correction. 

•  The  third  approach  would  be  to  shape  the 
spectrum. 

Ultimately,  one  of  the  first  two  approaches 
might  provide  a  better  system,  particularly  for 


production  tests,  but  we  felt  that  the  construc¬ 
tion  of  shaping  networks  offered  the  best  solu¬ 
tion  at  this  time.  These  networks  are  placed  in 
front  of  the  amplifier,  between  the  signal  source 
and  the  amplifier,  and  can  be  adjusted  to  give 
the  type  of  spectrum  required.  In  certain  cases 
we  would  want  the  spectrum  to  be  as  nearly  flat 
as  possible,  while  in  other  cases  we  would  want 
to  shape  the  spectrum  to  some  predetermined 
curve.  This  allows  us  then  a  great  deal  of  free¬ 
dom  in  the  type  of  tests  that  can  be  conducted. 
Since  our  interest  is  to  explore  the  effects  of 
various  waves  upon  components  as  well  as  test- 
missile  systems,  this  flexibility  was  important. 

The  over-all  system  is  shown  in  block  dia¬ 
gram  in  Figure  1.  A  signal  source,  which  could 
be  an  oscillator  or  flight  tape  or  a  noise  gener¬ 
ator,  feeds  into  a  set  of  shaping  networks,  from 
there  into  an  amplifier,  and  then  into  the  shaker. 
The  calibration  system,  which  is  a  sonic  ana- 
lizer,  is  also  shown.  Figure  2  is  a  photograph 
of  the  actual  equipment,  showing  a  15-kw  am¬ 
plifier  with  its  control  panel,  a  3,500-lb  force 
shaker,  the  sonic  analyzer,  and  shaping  net¬ 
works  which  were  built  at  APL.  The  networks 
are  also  usable  with  our  smaller  shakers  and 
amplifiers  so  that  appreciable  flexibility  is 
obtained.  Before  discussing  their  use,  we  will 
describe  the  construction  of  the  shaping  net¬ 
works. 


THE  SHAPING  NETWORKS 


The  networks  consist  of  a  master  unit  and  20 
separate  filters,  each  one  of  which  can  produce 
a  notch  or  a  peak  of  variable  amplitude  at  any 
frequency  from  20  to  2,000  cycles.  We  might 
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Figure  1  -  Block  diagram  of  complex-wave  equipment 
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Figure  2  -  Complex-wave  vibration  test 
equipment 


point  out  here  that  the  2,000-cycle  upper  limit 
is  presently  the  limit  of  our  telemetered  data, 
but  it  can  be  increased.  The  master  unit  ac¬ 
cepts  the  input  signal  and  feeds  the  voltage  into 
a  cathode  follower  stage  so  that  the  high- 
impedance  input  is  converted  toalow-impedance 
output  which  is  used  to  drive  any  or  all  of  the 
channels  in  series  or  parallel.  A  master  gain 
control  is  also  provided  on  this  unit,  which  is 
usable  to  set  the  input  operating  level.  Each  of 
the  channels  is,  of  course,  provided  with  its 


own  gain  control  which  sets  the  amplitude  of 
that  particular  channel. 

The  basic  part  of  the  system  is  a  bridged  T 
network,  the  schematic  of  which  is  shown  in 
Figure  3.  This  frequency-elimination  RC  net¬ 
work  has  a  low  hum  pickup  in  electromagnetic 
fields,  high- rejection  characteristics  over  a 
broad  range,  and  a  high  Q  at  low  frequencies. 
In  addition,  it  seemed  that  the  circuit  could  be 
built  with  readily  available  commercial  com¬ 
ponents.  The  circuit  values  were  chosen  as: 

Ri  "  2  R0, 


R  = _ !_ 

Ki  2k  f  Cj‘ 

The  maximum  attenuation  is  obtained  from  this 
circuit  when  the  frequency  is  equal  to  l/2rt  Rt  cr 
The  high-frequency  limits  of  the  unit  are  set  by 
the  2  4K  and  l  2K  resistors.  A  three-gang  poten¬ 
tiometer  which  adjusts  Rt,  r2,  and  RQ  provides 
the  frequency  control.  A  width  control  is  also 
provided  in  the  network.  The  type  of  notch  that 
can  be  obtained  from  a  single  filter  is  indicated 
in  Figure  4. 

Each  filter  is  capable  of  being  put  into  a  notch 
or  peak  position  and  has  three  controls.  The 
frequency  control,  of  course,  selects  the  point 


Figure  3  -  Bridged  T  filter  schematic 
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Figure  4  -  Bridged  T  filter  notch 
characteristics 


at  which  either  a  peak  or  a  notch  is  desired. 
The  gain  control  selects  the  amplitude  of  the 
peak  or  the  notch,  and  the  width  of  either  the 
peak  or  notch  is  adjustable.  The  20  channels 


were  built  as  five  units,  each  of  which  contained 
four  filters.  Each  of  the  filters  was  designed  to 
be  capable  of  inserting  a  notch  or  a  peak  char¬ 
acteristic  of  20  to  1  ratio  or  better  in  the  range 
of  20  to  2,000  cycles.  Any  of  the  filters  can  be 
switched  in  or  out  so  as  to  provide  a  peak, 
notch,  or  it  can  be  left  flat,  i.e.,  no  correction. 
A  series  circuit  is  provided  which  allows  the 
filters  to  be  cascaded  for  rejection  or  for  the 
addition  of  individual  frequencies.  Matching 
transformers  are  used  between  each  unit  of 
four  filters  to  compensate  the  attenuation  of 
high  frequencies  due  to  shielded  cables.  This 
feature  enables  the  equipment  to  be  used  in 
high- intensity  electrostatic  and  magnetic  fields 
such  as  are  encountered  in  environmental  testing. 

A  close-up  of  the  master  unit  panel  is  shown 
in  Figure  5.  This  unit  contains  a  filter  unit 
having  the  center  controls  in  addition  to  the 
cathode  follower  stage  and  monitor.  The  fre¬ 
quency  control  at  the  top  adjusts  a  three  gang 
potentiometer.  The  reader  will  note  a  tag  "peak 
40  cycles"  above  this  control.  We  found  that  it 
was  not  possible  to  get  maximum  gain  at  all 
frequencies  with  one  filter  due  to  tracking  errors. 
It  was  then  necessary  to  pad  the  circuit  to  obtain 
a  frequency  at  which  a  gain  of  100  to  1  could  be 
realized,  v.  ith  lesser  gains  at  other  frequencies. 
On  the  filter  shown,  maximum  gain  is  obtained 
at  40  cps. 

With  a  choice  of  a  series  or  parallel  adjust¬ 
ment  of  20  units,  and  three  controls  on  each 
unit,  it  is  obvious  that  correction  of  the  spec¬ 
trum  is  somewhat  time  consuming.  As  discussed 
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Figure  5  -  Shaping  network  filter  unit 
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above,  we  sacrificed  setup  time  to  obtain  flexi¬ 
bility.  The  calibration  of  the  system  and  its 
use  will  now  be  discussed. 


USE  OF  THE  SYSTEM 


Calibration 

The  response  spectrum  must  be  adjusted  or 
calibrated  before  each  test.  Since  the  response 
changes  with  mass  on  the  shaker,  a  simulated 
test  item  must  be  used.  This  calibration  is 
accomplished  by  displaying  the  response  spec¬ 
trum  as  seen  by  an  accelerometer  on  an  oscil¬ 
loscope,  and  adjusting  the  networks  until  a 
desired  result  is  achieved.  An  oscillator  could 
be  used  for  this,  but  we  have  found  a  commer¬ 
cial  sonic  analyzer  most  helpful.  This  device 
has  a  unit  which  provides  a  signal  of  constant 
amplitude  and  constantly  varying  frequency. 
The  sweep  rate  and  the  high-  and  low-frequency 
limits  are  adjustable.  The  sbnic  analyzer  also 
is  capable  of  picking  up  a  return  signal  and  dis¬ 
playing  it  upon  an  oscillograph  screen.  Our 
calibration  technique  is  to  mount  a  dummy  unit 
on  the  vibration  table  and  to  energize  the  shap¬ 
ing  networks  with  a  signal  from  the  sonic  ana¬ 
lyzer.  The  operator  displays  the  output  picked 
up  by  an  accelerometer  on  the  screen  of  the 
sonic  analyzer.  He  must  then  adjust  the  various 
shaping  networks  to  produce  the  kind  of  a  re¬ 
sponse  characteristic  required  for  the  test 
specified. 


Test  Procedures 

The  complex-wave  test  procedure  can  fall  in 
either  of  two  general  categories.  First,  the 
response  spectrum  can  be  made  flat  and  a  com¬ 
plex  wave  applied  from  a  tape.  In  this  case  we 
are  assuming  that  the  signal  on  the  tape  is  a 
good  simulation  of  the  actual  environment.  The 
tape  could  be  made  up  to  contain  discrete  fre¬ 
quencies  superimposed  upon  flight  records,  or 
could  contain  any  number  of  variations.  The 
second  method  is  to  adjust  the  spectrum  to  some 
predetermined  shape  and  energize  the  system 
with  a  noise  generator.  This  latter  technique 
requires  more  analysis  to  determine  the  shape 
of  spectrum  needed,  but  appears  more  promis¬ 
ing  since  the  theory  is  based  upon  an  assump¬ 
tion  of  Gaussian  noise. 


output  of  the  amplifier  are  shown  before  cor¬ 
rection.  The  spectrum  is  not  flat  and  contains 
a  high  peak  at  about  2,000  cps.  The  same  two 
functions  are  shown  in  Figure  7  after  correc¬ 
tion.  We  note  that  amplifier  output  is  now 
altered  and  that  the  response  spectrum  is  flat¬ 
ter.  It  is  interesting  to  note  that  a  curve  such 
as  shown  in  Figure  7  would  be  thought  of  as  flat 
by  the  test  engineer,  although  it  is  not  mathe¬ 
matically  flat. 

A  shaped  spectrum  can  be  provided  by  the 
networks  for  testing  with  random  noise.  Here 
the  problem  is  to  compute  the  shape  of  spec¬ 
trum  desired.  One  way  to  accomplish  this  is  to 


The  flat  spectrum  is  demonstrated  in  Fig¬ 
ures  6  and  7.  In  Figure  6,  the  table  response, 
as  sensed  by  an  accelerometer,  and  the  electrical 
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Figure  6  -  (a)  amplifier  output;  (b)  table  re¬ 
sponse;  (c)  amplifier  vs  table  response,  un¬ 
corrected  spectra 
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Figure  7  -  (a)  amplifier  output;  (b)  table  re¬ 
sponse;  (c)  amplifier  vs  table  response,  cor¬ 
rected  spectra 


analyze  the  flight  tape  by  means  of  single- 
degree-of-freedom  analogs  and  compute  the 
response  spectrum.  This  can  be  done  if  we 
deduce  the  response  of  a  single-degree-of- 
freedom  system  as: 

r  -yl  f0QG 

where 

R  =  rms  response  of  filter, 

f  ■  Filter  resonant  frequency, 

Q  =  Magnification  at  resonance  of  single- 
degree-of-freedom  filter, 

G  =  Spectral  density  in  g2/cps. 
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The  desired  response  spectrum  is  obtained  by 
solving  for  the  spectral  density.  A  test  may 
then  be  run  by  shaping  the  spectrum  and  using 
a  noise  generator  as  a  signal  source. 


Component  Testing 

As  we  indicated  earlier,  we  do  not  feel  that 
the  complex-wave  method  of  testing  is  a  cure- 
all  for  all  of  our  vibration  ills.  We  do  feel, 
however,  that  it  has  certain  particular  advan¬ 
tages.  It  probably  represents  the  closest  we 
can  come  at  this  time  to  a  reasonable  production 
test  and  we  feel  therefore  that  any  test  system 
we  devise  could  be  used  by  a  manufacturer  of 
hardware  for  a  rational  production  test.  In  addi¬ 
tion  to  this,  we  are  using  our  system  to  study 
the  effects  of  complex  waves  on  various  types 
of  components  and  on  simple  systems.  We  feel 
that  we  must  start  with  a  simple  system  at  the 
outset  rather  than  resort  to  a  complicated 
package  for  our  first  test.  Accordingly,  we 
have  used  this  system  to  test  a  few  relays.  This 
work  is  going  on  at  the  present  time.  We  estab¬ 
lished  first  of  all  a  ”g"-to-failure  curve  for 
the  relays.  The  curve  plots  frequency  as  the 
abscissa  and  the  number  of  g’s  that  it  takes  for 
a  relay  chatter  to  occur  as  the  ordinate.  This 
is  somewhat  of  an  inverse  response  curve.  At 
the  present  time  we  are  subjecting  these  relays 
to  noise  test  from  a  noise  generator.  We  hope 
then  to  be  able  to  correlate  the  performance  of 
the  relay  under  complex-wave  testing  with  its 
performance  under  sine-wave  testing.  The 
relay  was  chosen  simply  because  it  is  to  us  a 
relatively  simple  mechanical  component. 

In  addition  to  this  we  have  also  attempted  to 
determine  the  effects  of  a  complex-wave  vibra¬ 
tion  upon  some  of  our  missile  components.  One 
of  these  was  a  stabilized  platform  which  consists 
of  two  gyros  and  pick-off  units.  For  this  partic¬ 
ular  test  we  had  measured  the  vibration  in  flight 
close  to  the  mounting  flange  of  the  gyros.  The 
particular  environment  here  contains  a  very 
high  peak  at  500  cycles.  We  were  unable  to 
get  actual  flight-test  tape  for  our  test;  instead 
we  chose  to  shape  the  spectrum  and  use  a  noise 
generator  as  the  excitation  for  the  test.  The 
flight  tape  was  analyzed  by  means  of  single- 
degree-of-freedom  analogs  and  this  record 
plotted  as  spectral  density  vs.  frequency  (g2 
per  cycle  vs.  frequency).  We  then  adjusted  the 
shaping  networks  to  duplicate  the  spectral- 
density  curve.  Having  done  this  we  were  able 
to  energize  the  system  with  a  commercial  noise 
generator.  Figures  shows  the  type  of  spectra  • 
that  we  had  on  this  particular  test.  The 
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FREQUENCY  IN  cps 


Figure  8  -  Shaped  spectra 


reproduction  is  not  ideal,  but  was  deemed  to  be 
reasonable  in  the  time  allotted. 

In  conclusion,  then,  we  feel  we  have  a  sys¬ 
tem,  which  although  not  ideal,  does  enable  us  to 


study  the  effects  of  complex-wave  testing  upon 
components  and  missile  systems,  and  does 
enable  us  to  come  a  step  or  two  closer  to  the 
actual  simulation  of  the  environment  than  we  have 
available  in  the  customary  sine-wave  testing. 


DISCUSSION 


Krause,  Jet  Propulsion  Lab.:  I  have  a  number 
of  questions.  The  first  one  concerns  the  db 
accuracy  you  achieve  ? 

Blevins:  I  believe  we  were  within  one  db,  plus 
or  minus  one  db. 

Krause:  Was  that  abridge  T  oratwin  T  circuit? 

Blevins:  We  have  called  it  a  bridge  T .  I  am 
not  familiar  enough  with  the  different  types  of 
circuits  to  differentiate  between  the  two. 

Krause:  I  thought  it  was  called  a  twin  T .  Pass.- 
ing  that,  have  you  considered  the  use  of  other 
types  of  synthesizing  networks  since  a  bridge  T 
or  twin  T  are  not  necessarily  the  exact  type  of 
compensation  in  the  theoretical  sense  that  might 
be  required  at  a  shake  table.  Have  you  consid¬ 
ered  a  peak-notch  combination  or  have  you  con¬ 
sidered  operational  methods  which  would  be  the 
inverse  of  the  actual  model  of  the  table? 

Blevins:  We  have  done  some  thinking  about  this. 
At  the  outset,  when  we  began  to  develop  these 
networks,  we  talked  to  a  number  of  manufac¬ 
turers,  and  it  turned  out  that  the  time  for  deliv¬ 
ery  of  commercial  devices  would  be  something 
like  18  months,  though  I  may  be  wrong  on  that. 
We  were  able  with  a  very  small  amount  of  effort 
to  develop  these  networks  in  considerably  less 
time  than  that,  something  on  the  order  of  six 


months,  and  most  of  that  time  was  spent  in 
procuring  the  three-ganged  pot.  The  networks, 
as'  you  undoubtedly  observed,  apply  no  phase 
correction  at  all.  Our  studies  of  the  environ¬ 
ment  indicate  that  this  is  not  particularly  nec¬ 
essary,  but  the  phase  is  random  and  if  we  can 
duplicate  the  spectral  density  curve  we  are 
getting  a  good  simulation.  At  the  moment  there 
are  a  number  of  companies  working  on  similar 
types  of  shaping  networks  which  may  be  a  bit 
more  sophisticated  than  ours.  I  think  our  equip¬ 
ment  has  enabled  us  to  do,  up  to  this  time;  about 
69  months  of  testing.  Right  at  the  moment, 
whether  we  will  replace  with  something  else, 
or  not,  I  would  not  care  to  say.  We  will  have  to 
wait  and  see. 

Krause:  One  more  question.  A  large  resonant 
load  oh  the  table  usually  produces  a  peak  and  a 
notch,  and  in  addition  there  is  sometimes  an 
offset  in  the  flat  level  before  and  after  this  peak 
and  notch.  Have  you  tried  your  networks  on  a 
large  resonant  load. 

Blevins:  Yes.  This  was  exactly  the  difficulty 
we  observed  in  the  shaped  spectrum  that  you 
saw  on  the  last  slide.  The  system  being  tested 
there  actually  weighed  about  30  lb.  We  had  a 
very  heavy  jig  on  it.  so  that  the  total  mass  on 
the  table  was  perhaps  50  lb.  This  gave  us  a 
peak  and  a  notch  at  one  of  the  high  frequencies, 
and  we  had  a  bit  of  difficulty  in  taking  it  out. 
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Kaufman,  Office  of  the  Chief  of  Ordnance:  This 
particular  presentation  of  representing  a  random 
forcing  function  is  an  excellent  start  and  a  lot 
more  has  to  be  done  to  make  it  automatic.  For 
example,  portraying  the  spectral  distribution  on 
a  scope.  There  is  another  important  aspect  of 
the  signature  besides  the  spectral  distribution 
and  that  is  the  distribution  of  powered  spectral 
density  or  acceleration  spectral  density  in  a 
given  band.  We  must  not  assume  that  it  is 
Gaussian,  because  in  the  actual  function  it  may 
be  distributed  quite  differently.  Therefore,  in 
reducing  the  original  forcing  function  to  a  de¬ 
scription,  we  have  to  include  this  distribution 
in  indefinite  band  lengths.  In  order  to  reproduce 
this  you  may  eventually  have  to  add  to  the  net¬ 
work  circuit  not  only  a  random  generator  but 
repeated  pulse  generators,  sine  waves,  and 
shaking  of  the  pulse  in  order  to  reproduce  the 
distribution  characteristic. 

Blevins:  Yes,  I  agree  completely.  As  I  indi¬ 
cated,  we  feel  that  we  could  use  any  type  of 
synthesized  tape  we  might  like.  Right  at  the 
moment  my  personal  feeling  is  we  have  only  a 
small  amount  of  knowledge  of  the  damaging 
effects  of  multifrequency  vibration  or  complex 
vibration  on  components  themselves.  If  we 
could  establish  some  correlation  between  some¬ 
thing  we  can  express  mathematically,  Gaussian 
noise  for  example,  this  might  be  a  contribution. 

Cartin,  Westinghouse,  Baltimore:  If  I  under¬ 
stood  your  procedure  correctly,  you  would  be 
required  during  this  four-  or  six-hour  period 
to  maintain  some  low  rms  level  on  your  test 
vehicle.  Is  that  correct? 

Blevins:  Yes.  I  neglected  to  mention  one  thing 
perhaps.  In  calibrating  our  test,  if  we  have  an 
item  we  consider  to  be  very  critical,  we  would 
simply  put  on  a  dummy  mass  and  attempt  to 
simulate  the  mass  of  the  actual  item.  This  would 
depend  upon  the  type  of  test  that  we  are  running 
and  particularly  the  type  of  component  we  are 
testing.  I  might  say  that  the  signal  we  are 
putting  in  comes  from  a  sonic  analyzer  and  it 
operates  at  a  very  low  rms  level. 

Gorton,  Pratt  and  Whitney  Aircraft:  I  am  not 
an  electronics  man  familiar  with  filters  in 
enough  detail  to  know  the  exact  transient  char¬ 
acteristics  of  your  filters,  but  I  think  I  can  put 
my  question  in  a  rather  general  way.  If  we  are 
talking  of  feeding  random  signals  into  this  filter, 
this  means  that  as  you  look  at  a  given  narrow 
band  versus  time,  the  amplitude  may  be  chang¬ 
ing  very  quickly  from  a  very  small  amplitude 
to  a  very  large  amplitude  and  back  again.  Do 
you  have  any  concern  about  the  effect  of  these 


filters,  particularly  when  used  on  their  high-Q 
positions?  Any  concern  about  their  effect  on 
the  random  nature  of  this  amplitude? 

Blevins:  At  the  present  time  we  have  not  run 
any  tests  that  would  indicate  the  response  of  our 
filters  to  a  very  sharp  transient.  In  running  the 
shaped  spectral  tests  which  we  displayed,  we 
monitored  the  test  body  with  an  rms  meter  by 
putting  a  signal  on  a  scope  and  by  taking  re¬ 
peated  cinecamera  pictures  of  the  slope  of  the 
curve.  This  gave  us,  then,  a  picture  with  a  lot 
of  hash  on  that  had  a  certain  envelope.  The 
envelope  thus  obtained  followed  very  closely 
the  test  curve  that  we  showed  on  our  slide.  This 
would  indicate  that  the  filters  are  not  distorting 
any  of  the  transients  coming  from  the  Gaussian 
noise  generator. 

Sowell,  Holloman  Air  Development  Center:  This 
also  is  for  the  benefit  of  people  that  aren't  elec¬ 
tronic  engineers.  The  twin  T  network  filter  is 
a  band  rejection  filter.  How  do  you  obtain  your 
peaks? 

Blevins:  I  will  have  to  agree  with  you  on  the 
first  point,  that  there  are  a  number  of  us  who 
aren't  electrical  engineers,  and  I  am  one  of 
them.  I  would  prefer  to  question  Mr.  King. 
Charlie,  would  you  like  to  answer  that?  I  point 
out  that  Mr.  King  did  the  electrical  development 
of  these  filters. 

King:  The  bridge  T  filter  is  basically  a  notch 
type  of  filter.  In  reversing  the  procedure  and 
making  this  a  peak  rather  than  a  notch,  we 
simply  use  this  in  the  feed-back  loop  of  a  vac¬ 
uum  tube  which  causes  a  180  degree  shift  in 
phase. 

Krause:  I  will  direct  this  question  to  Mr. 
Blevins  since  he  is  a  mechanical  engineer. 
This  will  probably  throw  a  monkey  wrench  in 
the  works,  but,  above  around  1,500  cps,  the 
actual  output  depends  on  where  you  measure  on 
the  table  and  in  which  direction,  because  this 
becomes  highly  variable.  As  you  plot  across 
the  table  at,  say,  15  or  20  thousand  cycles  per 
second,  you  get  sometimes  as  much  as  two-, 
three-  or  four-to-one  variations  in  position  and 
direction.  How  do  you  handle  this  matter  ? 

Blevins:  It  is,  of  course,  very  difficult  to 
simulate  an  actual  environment.  What  we  have 
done  is  to  take  the  position  that  we  know  the 
flight  environment  at  some  mounting  point  on 
the  component,  and  if  we  are  lucky  we  actually 
have  this  data,  and  we  then  say  we  are  going  to 
reproduce  that  environment  at  a  similar  mount¬ 
ing  point  on  the  shake  table.  Now  this  means, 
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as  you  point  out,  that  other  mounting  points  and 
other  portions  of  the  attached  structure  will  see 
something  different  from  what  they  actually  see 
in  flight.  At  the  present  time  we  have  no  way 
to  get  around  this  point.  This  is  very  similar 
to  a  problem  which  we  have  encountered  in  our 
sine-wave  testing.  There  we  had  a  large  package 
about  30  inches  long  by  about  20  inches  across 
and  weighing  about  200  lb.  We  tested  this  package 

* 


by  suspending  it  from  the  ceiling,  putting  a 
driver  on,  and  driving  it.  Well— we  tested  to  a 
certain  spec  and  we  asked  our  contractors  to 
test  to  the  same  spec,  say  3  g  over  a  certain 
frequency  range.  We  always  found  that  we  both 
got  different  g  levels  on  each  edge  of  the  package, 
Then  we  all  argued  at  which  edge  it  should  be 
and  how  it  should  be  done.  I  think  this  was  very 
similar  to  the  point  that  you  have  brought  up. 

*  * 
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ACCELERATION  SPECTRAL  DENSITY  SPECTRUM 


J.  L.  Wimpey,  McDonnell  Aircraft  Corp. 


This  paper  presents  a  method  of  applying  the  continuous  spectrum  con¬ 
cept  to  vibration  analysis  of  electronic  components.  The  "acceleration 
spectral  density  spectrum"  concept  is  defined,  and  the  mechanizing  of 
this  concept  and  its  subsequent  evaluation  are  discussed.  Modifications 
of  conventional  vibration  equipment  are  described  and  instrumentation 
methods  for  measuring  the  statistical  variables  with  this  technique  are 
defined. 


INTRODUCTION 


In  an  effort  to  evaluate  in  any  manner  the 
quality  level  or  reliability  of  an  electronic  com¬ 
ponent  which  is  statistically  representative  of  a 
production  technique  and  tested  to  given  envi¬ 
ronmental  stresses,  it  is  necessary  as  an  alter¬ 
native  to  actual  flight  testing  of  the  component 
to  provide  as  realistic  a  simulation  of  these 
environments  as  is  possible. 

With  regard  to  this  objective  there  is  agree¬ 
ment  throughout  the  industry.  In  going  beyond 
this  point  there  are  many  areas  of  controversy. 

Herein  is  discussed  a  method  of  simulating 
the  vibration  environment  found  in  missiles.  In 
so  doing  it  is  the  intent  of  this  paper  to  present 
a  method  of  applying  the  continuous  spectrum 
concept  to  vibration  analysis  of  electronic 
components. 


SUMMARY 


In  summary  this  report  covers  the  following 
work  that  has  been  completed  to  date  in  defining 
the  concept,  mechanizing  the  concept,  and  sub¬ 
sequently  evaluating  same.  The  work  that  has 
been  accomplished  has: 


1.  Tentatively  defined  the  nature  of  the 
missile  vibration  environment,  e.g.,  ran¬ 
dom  amplitude  variations,  and  white  in 
frequency, 

2.  Designed  a-  suitable  voltage  generator  to 
simulate  this  assumed  environment,  and 

3.  Converted  a  conventional  vibration  ex¬ 
citer  to  provide  a  uniform  acceleration 
response; 

4.  Provided  networks  to  shape  the  forcing 
function  in  amplitude  and/or  frequency  to 
match  a  known  environment, 

5.  Designed  a  direct  reading  probability  dis¬ 
tribution  meter  to  measure  directly  the 
statistical  amplitude  distribution  of  the 
forcing  function, 

6.  Designed  an  acceleration  detector  for 
calibrating  the  acceleration  at  discrete 
frequencies  throughout  the  bandwidth  of 
the  forcing  function, 

7.  Established  a  method  of  evaluating  the 
magnitude  of  the  forcing  function  in  terms 
of  rms  acceleration.  For  example,  if 
three  g's  (rms)  were  measured  at  the 
table  of  the  vibration  exciter,  this  would 
mean  that  the  standard  deviation  of  the 
acceleration  distribution  would  be  three 
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g's.  This  would  further  mean  that  68  per¬ 
cent  of  the  time  a  maximum  acceleration 
of  three  g's  were  existing  at  the  vibration 
table,  thus  providing  a  yardstick  by  which 
to  define  desired  stress  levels. 


WHAT  IS  THE  ACCELERATION  SPECTRAL 

DENSITY  CONCEPT? 

Evaluation  of  missile  vibration  data  indicate 
this  environment  encountered  is  not  periodic 
but  has  a  random  amplitude  variation  with  a 
continuous  distribution  in  frequency. 

The  utility  of  the  spectrum  density  concept 
is  based  on  the  hypothesis  that  actual  vibration 
environment  has  the  following  characteristics: 

1.  Random  amplitude  variation  having  a 
normal  (statistical)  distribution,  with  the 
mean  value  of  the  amplitude  variation 
being  at  zero; 

2.  Frequency  distribution  being  "white” 
over  a  given  bandwidth.  White  frequency 
distribution  being  defined  as  a  function 
whose  power  spectral  density  is  constant. 


In  providing  an  analog  of  this  environment,  . 
which  will  be  voltage  and/or  current  networks 
and  transducers,  certain  aspects  of  general 
communications  theory  will  be  used  in  estab¬ 
lishing  further  the  nature  of  the  problem. 

In  general,  communications  theory  can  be 
considered  under  two  headings:  1.  Classical 
and  2.  Statistical.  The  first  of  these  is  quite 
commonplace  in  engineering  and  involves  the 
calculation  of  effects  for  which  the  causes  are 
defined  functions  of  time,  and  for  which  the 
cause  to  affect  machinery  possesses  negligible 
uncertainty.  For  example,  the  calculation  of 
the  currents  which  flow  in  a  "lumped  param¬ 
eter"  network  as  a  result  of  an  applied  steady 
emf  between  two  points  of  that  network  is  a 
classical  problem.  If,  however,  the  input  to  a 
system  can  be  described  only  by  a  distribution 
function  of  its  values  or  if  the  system  itself 
converts  causes  into  effects  which  can  be  de¬ 
scribed  only  by  their  statistics,  then  the  prob¬ 
lem  is  clearly  one  of  a  statistical  type. 

The  analog  of  a  missile  vibration  environ¬ 
ment  will  be  presented  and  discussed  in  this 
report.  A  block  diagram  of  this  analog  is 
presented  in  Figure  1.  If  an  analog  had  the 
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Figure  1  -  Block  diagram  of  missile  vibration  analog 


112 


characteristics  indicated  in  Figure  1,  it  can  be 
assumed  that  the  instantaneous  acceleration  g 
in  the  frequency  band  f  x  to  f2  will  have  a  nor¬ 
mal  probability  distribution  about  zero  as  a 
mean,  and  given  by  the  formula 

-a2 

P(°da  =  ^ks2aSda  •  (1) 

Where  a  is  a  given  instantaneous  acceleration, 
P(a)da  is  the  probability  that  a  lies  in  the  inter¬ 
val  between  a  and  a  +  da,  and  a  is  by  definition 
the  rms  acceleration  and  is  known  as  the  stand¬ 
ard  deviation. 

If  an  accelerometer,  with  an  acceleration 
response  that  is  flat  up  to  fo,  were  placed  on 
the  shaker,  the  accelerometer  voltage  will  have 
the  same  amplitude  distribution  as  that  of  the 
output  voltage  distribution  of  the  noise  gener¬ 
ator.  The  arrangement  of  Figure  1,  thus  seems 
to  fulfill  the  requirements  of  providing  an 
analog  of  the  assumed  missile  environment. 

Upon  one's  first  exposure  to  this  concept  of 
vibration  testing  a  logical  question  arises  with 
regard  to  what  single  number  can  be  used  to 
express  the  vibration  in  a  specified  band  or  in 
the  entire  spectrum.  In  arriving  at  such  a  num¬ 
ber  it  appears  that  whatever  this  number  is,  it 
should  be  possible  to  obtain  with  present  day, 
commercially  available  instrumentation.  As¬ 
sume  for  now  that  this  be  the  case.  Consider 
next,  any  arbitrary  voltage  waveform  vs.  time 
that  is  corresponding  to  acceleration,  and  ex¬ 
plore  the  methods  of  measurement.  Measure¬ 
ment  of  the  peak  acceleration  does  not  yield 
much  because  voltmeters  designed  to  read  peak 
for  a  sine  wave  do  not  necessarily  read  peaks 
fora  complex  wave.  The  average  of  the  absolute 
magnitudes  would  be  more  suitable,  such  as 
would  be  obtained  by  full  wave  rectification,  but 
this  does  not  lend  itself  well  to  statistical 
treatment. 

The  root  mean  square  (rms)  of  the  instan¬ 
taneous  acceleration  appears  to  be  the  best 
choice,  because  it  is  by  definition  the  standard 
deviation  of  the  instantaneous  accelerations 
about  zero  as  a  mean,  and  thus  lends  itself  to 
statistical  analysis.  Also,  the  rms  value  is  the 
old  measure  ofac  voltage  in  electronic  circuits. 


A  METHOD  OF  MECHANIZING  FIGURE  1 

There  are  commercially  available  random 
noise  generators  (General  Radio  random  noise 


generator  No.  1390A)  that  are  known  to  have  a 
normal  amplitude  distribution  and  are  "white" 
in  frequency  from  a  few  cycles  to  hundreds  of 
kilocycles.  The  type  of  generator  used  to  date 
at  MAC  in  carrying  out  these  investigations, 
employs  a  thyratron  in  a  magnetic  field.  The 
frequency  spectrum  of  a  gas-tube  type  of  gen¬ 
erator  is  known  to  have  the  aforementioned  fre¬ 
quency  characteristics. 


Modification  of  Vibration  Exciter 

To  facilitate  spectrum  density  vibration 
analysis,  it  is  necessary  that  the  vibration 
exciter  provide  a  uniform  acceleration  over  a 
wide  range  of  frequencies.  The  following  tests 
were  conducted  to  determine  the  possibility  of 
adapting  presently  available  equipment  to  this 
purpose. 

An  MB  vibration  exciter  (model  C-ll)  was 
used  for  this  investigation  which  consists  of  a 
rack-mounted  audio  oscillator,  electronic  am¬ 
plifier  and  power  supply,  field  supply,  and  vibra¬ 
tion  exciter.  The  vibration  exciter  is  made  up 
of  the  following:  main  field  coil,  signal  gener¬ 
ator  field  coil,  driver  coil,  and  signal  generator 
coil.  A  current  of  one  ampere  in  the  driver  coil 
produces  a  force  of  10  lb  at  the  table.  Move¬ 
ment  of  the  signal  generator  coil  in  its  field 
produces  a  voltage  that  can  be  used  to  deter¬ 
mine  acceleration  and  displacement  in  the  fol¬ 
lowing  way: 

d  =  100/ f  Emv/Senrav  0.001,  (2) 

g  =  0.000512  f  Emv/Senrav  (3) 

where 

d  »  double  amplitude  inches, 
f  =  frequency  cycles, 

Emv  =  Output  of  signal  coil  in  millivolts  shunted 
by  20,000  ohms, 

Senmv  =  Sensitivity  millivolts/0.001  inch  dis¬ 
placement, 

g  *  Acceleration  gravity  units. 

The  vibration  exciter,  as  normally  used  with 
full  voltage  feedback  has  a  current  response  as 
shown  in  Figure  2.  This  is  obviously  an  unde¬ 
sirable  response  with  a  continuous  spectrum 
applied. 

Forces  are  produced  between  the  field  struc¬ 
ture  and  the  armature  coil  suspended  in  the 
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FREQUENCY  (CPS) 

Figure  2  -  Driver  current  vs.  frequency 


magnetic  field.  The  force  on  the  armature  is 
the  sum  of  the  forces  acting  on  each  coil  con¬ 
ductor  in  the  magnetic  field.  When  converted 
to  pound- inch-second  units,  the  basic  force  rela¬ 
tionship  is: 

F  =  0.885  10' 7  BLNI  (4) 

where 

F  =  force,  pounds, 

B  =  flux  density,  lines/in2, 

L  -  length  of  single  armature  turn,  inches, 

N  =  number  of  turns  in  flux  gap, 

I  =  conductor  current,  amps. 

For  any  particular  shaker  design,  L  andN 
are  fixed  properties  of  the  armature,  and 


Equation  (4),  indicates  that  the  force  produced 
by  such  an  armature  is  proportional  to  the  cur¬ 
rent  flowing  through  its  conductors  if  the  field 
strength  is  constant. 

To  apply  the  continuous  spectrum  concept  to 
this  type  of  vibration  equipment,  it  becomes 
necessary  to  alter  the  performance  of  the  power 
amplifier  driving  the  vibration  exciter  in  such 
a  manner  as  to  provide  a  constant  driving  cur¬ 
rent  independent  of  load  instead  of  a  driving 
voltage  independent  of  load.  This  is  to  say  that  the 
output  of  the  amplifier  should  be  a  constant  cur¬ 
rent  source  instead  of  a  constant  voltage  source. 

If  the  driving  current  is  constant  with  respect 
to  frequency,  it  follows  that  the  acceleration  at 
the  table  will  also  be  constant  for  a  given  mass 
that  is  on  the  .table. 

If  the  networks  between  the  random  noise 
source  and  the  table  of  the  vibration  exciter  are 
linear,  the  acceleration  distribution  at  the  table 
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will  be  the  same  as  that  of  the  voltage  (amplitude) 
distribution  coming  from  the  noise  generator. 

The  first  step  in  providing  a  constant  current 
source  to  drive  the  vibration  exciter  was  by 
way  of  eliminating  the  negative  voltage  feed¬ 
back  in  this  particular  amplifier.  By  this 
method,  alone  a  much  improved  current  re¬ 
sponse,  Figure  2  (no  feedback),  was  obtained. 
Current  feedback  gave  the  desired  effect.  The 
best  system  of  current  feedback  found  that  does 
not  require  a  circuit  change  within  the  power 
amplifier  is  given  in  Figure  3.  The  current 
response  of  the  amplifier  with  the  current  feed¬ 
back  loop  is  shown  in  Figure  4. 

It  was  determined  that  1,000  cycles  is  essen¬ 
tially  the  upper  limit  of  the  system  so  a  low- 
pass  network  is  employed  between  the  noise 
generator  and  the  converted  current  amplifier 
with  a  cut-off  frequency  of  1,000  cps. 

Thus,  the  basic  blocks  of  Figure  1  have  been 
implemented,  calibrated,  and  found  to  yield  char¬ 
acteristics  sufficiently  close  to  those  required. 


INSTRUMENTATION  REQUIRED  THAT  IS  NOT 
COMMON  TO  DISCRETE  FREQUENCY 
TESTING 

Inasmuch  as  the  concept  herein  discussed  is 
statistical  in  nature,  the  important  item  to  be 


concerned  with  is  determining  the  type  of  dis¬ 
tribution  the  analog  forcing  function  may  have. 
A  direct  reading  probability  distribution  meter 
has  been  designed  to  determine  the  probability 
distribution  of  stationary  random  and  non- 
random  functions.  Experimental  tests  have 
been  made  using  Gaussian  random  noise  with  a 
resulting  accuracy  comparable  to  the  average 
requirement  for  an  electronic  measuring 
instrument. 


Acceleration  Detector 

The  acceleration  detector  consists  of  a  tuned 
reed  sensing  device  which  frequency  modulates 
a  4.5  megacycle  oscillator.  This  frequency 
modulated  signal  is  then  amplified  and  fed  into 
a  ratio  detector.  A  block  diagram  is  provided 
in  Figure  5.  The  sensing  device  is  made  up  of 
five  reeds  tuned  to  frequencies  of  15*1,413,  541, 
812,  and  981  cycles/second.  The  reeds  are 
mounted  on  a  common  plate  in  such  a  way  that 
each  becomes  a  small  capacitor  which  is  used 
to  tune  the  Oscillator  tank  circuit.  When  the 
assembly  is  subjected  to  a  vibration  environ¬ 
ment,  the  reeds  are  excited  by  frequency  com¬ 
ponents  of  their  natural  frequency  with  a  reed 
displacement  proportional  to  the  exciting  accel¬ 
eration.  The  reed  displacement  changes  the 
capacitance  between  the  reed  and  the  plate, 
therefore  changing  the  oscillator  frequency. 


Figure  3  -  Current  feedback  method  employed 
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Figure  4  -  Current  response  of  amplifier  for  two  different  levels  of  input  voltage 
with  a  transformer  as  feedback  and  a  feedback  loop  with  transformer  plus  voltage 
amplifier 


Force 


Figure  5  -  Block  diagram  at  acceleration  detector 


A  switching  arrangement  is  provided  at  the 
reed  assembly  to  monitor  the  amplitudes  of 
each  reed.  The  reeds  are  calibrated  at  discrete 
frequencies  so  that  when  a  complex  wave  is 
applied,  acceleration  can  be  determined  at  spe¬ 
cific  frequencies  throughout  the  complex  wave 
bandwidth.  Figure  6  is  a  schematic  diagram  of 
the  complete  acceleration  detector. 


True  Reading  rms  Meter 

In  order  to  read  the  rms  acceleration  at  the 
shake  table  it  is  desirable  to  have  a  true  read¬ 
ing  rms  meter.  There  is  commercially  avail¬ 
able  such  an  instrument  (Model  320  Ballantine) 
but  it  appears  that  an  average  reading  meter 
can  be  used  with  an  appropriate  scale  factor  to 
derive  the  rectified  dc  voltage  vo  from  noise: 


VD  =  f  VP(V)dv  =  2  f  VP(V)dv  (5) 

-®  o 

where  the  second  integral  follows  from  the  first 
if  P(V)  is  symmetrical  about  zero. 

If  the  noise  is  Gaussian,  the  probability  P(V)dv 
that  the  instantaneous  voltage  lies  between  v 
and  V  +  dv  is  of  the  same  form  as  Equation  (1). 
Here  we  are  considering  a  voltage  distribution 
instead  of  an  acceleration  distribution  because 
ultimately  we  will  measure  a  voltage  with  a 
known  functional  relationship  to  acceleration. 
Equation  (1),  written  in  terms  of  voltage  becomes 


P(V)dv‘^rc“’dv- 
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Figure  6  -  Schematic  of  acceleration  detector 


Substituting  this  into  the  expressionfor  VQ  yields 


(7) 


The  solution  of  Equation  (7)  yields  the  following 
relationship  of  V0  to  a.  Equation  (7)  can  be 
written  in  the  following  standard  form  of  definite 
integrals, 


Vj  »  1.11  (i.e.,  ( rc/2/2 )  times  vo,  where  V0  is 
the  average  or  rectified  value).  Thus, 

V.  /k 

-j-  y  =  0,886  or  ‘1,os  db- 

Average  reading  meters  thus  read  1  db  low  on 
Gaussian  noise  provided  that  no  overload  occurs 
on  the  peaks. 


o 


dx  = 


1 

2  ’ 


(8)  EVALUATION  OF  SYSTEM 


by  letting 

X'  = 

2  o2 

and  thus, 

V 

X  =  rta' 

dv 

dx  =  —7=—. 

/2a 

By  making  the  proper  substitution  of  variables 
we  have  the  following: 


V 


O 


2a 
/2tt  ' 


0) 


Since  the  meter  is  calibrated  to  read  the  rms 
value  of  a  sine  wave,  the  indicated  voltage 


If  we  wished  to  redefine  the  nature  of  the 
missile  environment,  and  include  a  periodic 
vibration  contained  in  the  random  vibration,  a 
signal  proportional  to  acceleration  could  be 
mixed  in  prior  to  the  constant  current  source 
that  is  driving  the  vibration  exciter.  This 
periodic  vibration  may  be,  for  example,  the 
fundamental  and/or  harmonics  of  a  ram-jet 
engine. 

This  system  can  also  be  used  for  reproducing 
the  actual  acceleration  environment  that  may 
be  available  from  in-flight  recording  which  can 
be  fed  into  the  system  where  the  noise  generator 
is  used,  as  indicated  in  Figure  1.  Selection  of 
shaping  networks  can  be  made  by  switching 
arrangements  that  will  modify  the  amplitude 
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and/or  frequency  characteristics  of  any  forcing 
function. 

Correlating  the  effect  of  any  complex  forcing 
function  to  a  discrete  frequency-forcing  function 
is  rather  difficult,  inasmuch  as  the  time  honored 
yardstick  "severity"  has  little  meaning  with 
regard  to  these  two  approaches.  What  may  be 
severe  for  one  structure  may  not  be  so  for  an¬ 
other  structure.  It  appears  that  the  basic  ques¬ 
tion  one  has  to  ask  is— which  approach  is  a  more 
realistic  simulation  of  the  actual  environment? 

It  appears  at  this  point  that  with  the  tech¬ 
niques  developed  herein,  considerably  more 
realism  can  be  introduced  by  continuous  spectra 
testing  of  electronic  components  than  by  discrete 
frequency  methods.  It  is  anticipated  that  some 
confirmation  of  this  can  be  made  by  further 
evaluation  of  this  concept. 

With  regard  to  testing  a  complete  electronic 
package,  it  appears  that  methods  discussed 
herein  would  be  most  useful  in  provinga  design. 
It  may  have  less  merit  in  development  testing 
because  in  this  case  it  is  desirous  to  know 
specific  resonances  in  the  structure  which  can 
be  found  with  discrete  frequency  testing,  and 


thereby  provide  design  requirements  for  vibra¬ 
tion  isolators. 

There  has  been  an  attempt  made  in  this 
report  to  show  how  to  mechanize  a  philosophy 
that  says  that  missile  vibration  environment  is 
entirely  random.  It  has  been  concluded  by 
others  in  the  field  that  a  good  example  of  this  is 
vibration  resulting  from  aerodynamic  turbu¬ 
lence. 

Analysis  made  by  people  at  JPL  indicate  that 
with  most  rocket  motors,  however,  some  dis¬ 
crete  frequencies  also  appear.  Most  liquid 
rocket  motors  give  a  single  frequency  (that  is, 
periodic),  where  solid  rocket  motors  produce  a 
display  of  several  discrete  frequencies.  With 
this  being  the  case,  the  purely  random  vibration 
amplitude  can  be  altered  by  mixing  simulated 
periodicity  into  the  system.  The  degree  of  peri¬ 
odicity  that  one  may  wish  to  simulate  could  be 
measured  in  terms  of  the  auto-correlation  func¬ 
tion  of  the  composite  vibration  analog.  Inasmuch 
as  analog  computing  techniques  will  provide  the 
auto- correlation  function,  this  appears  to  be  a 
method  of  defining  the  nature  of  a  specific  mis¬ 
sile  vibration  environment  that  would  lend  itself 
well  to  standardization. 


DISCUSSION 


R.  Krause,  Jet  Propulsion  Lab.:  I  would  like  to 
agree  with  Mr.  Wimpey  that  where  you  have  low 
loads  on  the  table,  a  constant  current  will  effec¬ 
tively  give  you  a  constant  acceleration.  How¬ 
ever,  we  should  be  aware,  where  we  have  reso¬ 
nant  loads,  that  reaction  back  on  the  table  occurs 
and  the  constant  current  will  no  longer  give  us 
constant  acceleration. 

A  rough  rule  of  thum  would  go  like  this. 
Supposing  we  have  a  spring  and  a  mass  attached 
to  the  table  with  a  Q  of,  say,  ten.  Then,  if  the 
mass  ratio  is  less  than  one-tenth,  the  approxi¬ 
mation  of  constant  current  is  good.  If  the  mass 
ratio  was  greater  than  one-tenth,  we  have  to 
take  other  means  to  get  a  flat  response. 

Wimpey:  Yes,  sir.  I  agree  fully,  and  this  is 
usually  the  case  when  we  are  talking  about  tables 
that  can  handle  the  testing  of  vacuum  tubes  and 
small  components  where  the  ratio  is  so  small. 

Bubb,  Phillips  Petroleum:  I  used  it  in  the  Air 
Force  and  tended  to  be  pestered  a  great  deal  by 
noise  problems  of  all  sorts.  I  hadn't  really  real¬ 
ized  that  there  are  mechanical  noise  problems. 


I  was  interested  in  Mr.  Kearn's  remarks  con¬ 
cerning  more  time  variant  intervals,  and  for 
those  of  you  whowant  to  look  at  these  problems— 
the  statistical  results  of  vibration— you  will  find 
some  750  articles  upon  which  I  had  collected 
data.  They  are  now,  I  believe,  on  deposit  at  the 
Aeronautical  Research  Laboratory  at  Wright 
Field. 

General  Electric  has  a  simplified  version  of 
the  "yellow  peril,"  and  I  am  told  it  is  more 
comprehensible.  I  believe  the  gentlemen  here 
from  GE  can  tell  you  the  title.  Bill  Jordan  told 
me  it  has  been  published  as  a  government  publi¬ 
cation,  and  I  believe  it  is  in  current  use  in 
connection  with  communications  problems. 

There  is  also  another  treatment  of  this,  en¬ 
tirely  in  the  time  domain,  where  you  are  not  con¬ 
cerned  with  any  linear  integral  transformation 
problems,  such  as  the  frequency  type  of  analysis. 
I’d  be  very  happy  to  pass  on  any  information  I 
have  about  these  other  applications  and,  in  par¬ 
ticular,  to  those  of  you  who  maybe  interested  in, 
understanding  this  method  of  attack.  I  am  sure 
Mr.  Kearns,  for  one,  would  be  interested. 
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C.  B.  Cunninghitm,  NRL:  Mr.  Wimpey,  I  have 
two  questions:  first,  what  weight  objects  were 
you  testing?  That  is,  the  general  range  of 
objects;  second,  how  much  power  were  you 
using  in  this  table?  I'd  like  to  have  a  little 
more  description  of  your  power  amplifier. 

Wimpey:  To  answer  your  first  question,  the 
weights  of  packages  were  in  the  order  of  half 
a  pound  or  a  pound,  containing  several  vacuum 
tubes  and  some  resistors  and  capacitors.  These 
were  the  biggest  loads  we  handled. 

Now  with  regard  to  your  second  one,  we  had 
a  hundred-watt  amplifier,  and  at  a  single  fre¬ 
quency  the  shaker  is  capable  of  delivering  some¬ 
thing  around  7  g  to  an  object  of  this  weight. 
When  you  spread  this  power  over  a  thousand 
cycles  of  bandwidth,  the  maximum  capability  of 
this  shaker  is  0.25  g  rms  and  it  appears  that 
0.25  g  rms  is  a  far  more  severe  environment 
than  you  might  imagine.  Vacuum  tubes  have  an 
awfully  hard  time  living  in  this  environment. 

Cunningham:  Just  as  a  comment,  if  a  vacuum 
tube  has  a  hard  time  living  at  0.25  g,  we  are  in 
real  serious  trouble. 

Wimpey:  Well  you  have  0.25  g  rms  over  this 
entire  range  of  1,000  cycles.  That  is  equivalent 
to  7  g  for  every  cycle  over  the  same  range  for 
sine  wave  testing  and  if  you  were  to  excite  the 
resonances  of  any  structure  with  a  high  Q  such 
as  a  vacuum  tube,  7  g  will  probably  cause  you 
trouble. 

Cunningham:  In  Project  Vanguard  we  are  pres¬ 
ently  testing  to  20  g  rms,  from  10  to  2,000 
cycles,  and  this  means  that  we  must  have  a  great 
deal  more  acceleration  than  you  are  talking 
about.  That  is  why  I  was  interested. 

Wimpey:  Is  this  acceleration  environment 
constant? 

Cunningham:  We  are  talking  about  white  noise, 
20  g  rms. 

Wimpey:  You  have  got  problems.  (Laughter) 

Granick,  WADC :  I  have  been  trying  for  some¬ 
time  to  find  out  more  about  this  white  noise; 
where  it  comes  from,  and  how  is  it  possible  to 
transmit  it  through  structures  with  discrete 
resonances. 

Wimpey:  If  you  provide  an  environment  that 
has  a  flat  acceleration  response  and  you  are 
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getting,  at  that  table,  a  distribution  of  ampli¬ 
tudes  that  is  normal,  and  you  attach  to  the  table 
a  structure  that  you  are  concerned  with,  then 
you  can  measure  at  any  point  the  effect  on  this 
structure  of  this  environment.  Resonances  will 
appear  and  you  will  get  an  amplification  of  these 
resonances  which  will  occur  in  a  very  random 
manner.  The  resonances— the  output  so  to 
speak— of  this  system,  with  a  normally  dis¬ 
tributed  noise  input,  will  give  you  something 
that  looks  like  a  sound  wave  that  is  jumping 
about  randomly,  and  in  turn,  every  time  it  gets 
excited  you  will  get  amplification  at  the  other 
end  of  the  structure,  the  same  as  you  would  if 
you  were  vibrating  it  at  a  discrete  frequency. 

Granick:  I  believe  my  question  was  misunder¬ 
stood.  This  may  be  beyond  the  scope  of  your 
paper.  However,  the  question  I  was  interested 
in  was  the  actual  service  environment;  where 
does  this  white  noise  come  from?  How  does  it 
get  on  the  structure?  And  how  can  it  be  trans¬ 
mitted  through  a  structure  that  has  discrete 
resonant  frequencies  ? 

Wimpey:  I  can  say  that  one  way  that  environ¬ 
ment  can  be  created  in  an  actual  field  application 
—in  a  missile,  for  instance— would  be  aerody¬ 
namic  buffeting.  That  is  a  big  order  of  random 
vibration  that  is  transmitted  throughout  the 
structure. 

Cunningham:  I  think  we  should  make  a  distinc¬ 
tion  between  white  noise  and  random  noise  of 
vibration  because  it  is  not  necessary  for  it  to 
have  a  flat  spectral  distribution  or  spectral 
density  to  be  random,  or  that  it  have  a  Gaussian 
distribution  of  acceleration.  In  fact,  most  of  the 
vibration  that  we  see  in  the  actual  missile  en¬ 
vironment,  for  example,  will  be  random.  The 
way  it  arises  is  from  any  process  that  doesn't 
have  something  repetitive  about  it,  such  as,  for 
example,  turbulence,  noise  in  the  stream  of  a 
jet;  any  situation  where  there  isn't  a  feedback 
mechanism,  for  example,  which  is  built  on  a 
sinusoidal  steady  level. 

Now,  in  the  laboratory,  we  may  test  with 
white  noise.  In  other  words,  we  may  test  with 
a  spectrum  that  is  flat,  because  we  will  fill  in 
the  valleys  in  many  cases  and  assume  that 
resonant  peaks  could  occur  on  a  different  flight 
in  the  frequency  locations  that  are  valleys  in 
one  flight.  So  we  have  white  noise  to  test  with 
in  the  laboratories  as  a  specification.  But  it 
does  not  ordinarily  occur  in  the  missile  envi¬ 
ronment.  Random  vibration  does. 
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PART  III 

SHOCK  AND  VIBRATION  TEST 
FACILITIES  AND  METHODS 


DEVELOPMENT  OF  A  HEAVY-WEIGHT 
(2  TO  20  TONS)  SHOCK  TESTING  MACHINE 


R.  Gareau,  BuShips 


High-impact  shock  testing  machines  available  today  cannot  adequately 
test  equipment  weighing  more  than  4,500  lb.  This  paper  describes 
underlying  considerations  in  the  design  of  a  heavy-weight  (2  to  20  ton) 
high-impact  shock  machine.  The  present  status  of  the  project  is  de¬ 
scribed  and  a  brief  description  of  the  proposed  machine  is  given. 


INTRODUCTION 


This  paper  will  present  the  progress  that  has 
been  made  in  developing  the  design  of  a  so-called 
"heavy-weight  shock  machine."  This  machine, 
if  it  is  ever  built,  will  be  the  largest  shock  test¬ 
ing  machine  in  the  world.  It  will  be  able  to 
shock  test  equipment  weighing  up  to  twenty  tons. 
It  will  mean  that  most  auxiliary  shipborne  equip¬ 
ment,  including  main  propulsion  diesels,  will 
be  capable  of  being  shock  tested. 

But  before  getting  involved  in  the  specific 
details  of  this  machine,  some  background  data 
will  be  given  relative  to  the  machines  that  have 
been  or  are  now  being  used.  In  addition,  the 
basis  for  the  design  of  the  heavy-weight  machine 
will  be  presented. 


BACKGROUND 


Until  the  beginning  of  World  War  II,  ship- 
borne  equipment  was  shock  tested  on  the  250 
ft-lb  machine.  This  machine  derived  its  name 
from  the  fact  that  it  consisted  of  a  swinging 
hammer  which  weighed  either  50  or  83-1/3  lb 
and  could  fall  a  maximum  height  of  5  or  3  ft. 
The  hammer  struck  a  steel  angle  bolted  to  the 


top  of  a  wooden  test  bulkhead.  The  equipment 
under  test  was  bolted  to  this  wooden  bulkhead. 
This  machine  simulated  the  shock  motions  that 
ship's  structure  experienced  when  exposed  di¬ 
rectly  to  gun  blast  resulting  from  the  firing  of 
the  ship's  own  guns. 

The  shock  severities  on  this  machine  dropped 
off  very  quickly  when  equipment  weighing  more 
than  50  lb  was  mounted  to  the  test  bulkhead. 
The  maximum  shock  severities  for  small  equip¬ 
ment  weights  are  about  10  ft/sec  at  a  frequency 
of  50  cps.  Additional  details  of  this  machine 
are  included  in  Reference  1. 

At  the  beginning  of  World  War  II,  the  British 
were  the  first  to  experience  the  very  extensive 
damage  that  could  be  caused  by  the  detona¬ 
tions  of  explosives  close  to  the  ship's  hull. 
These  detonations  would  cause  little  or  no  dam¬ 
age  to  the  hull  structure  but  would  seriously 
damage  all  kinds  of  ship's  equipment. 

The  British  realized  that  much  of  their  equip¬ 
ment  had  to  be  ruggedized  quickly.  Without 
paying  too  much  attention  to  a  realistic  simula¬ 
tion  of  field  conditions,  they  put  together  a  shock 
machine  which  duplicated  the  kind  of  damage 
that  was  experienced  under  combat  conditions. 

This  machine  also  used  dropping  hammers 
which  struck  a  steel  anvil  plate  and  thus  produced 
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the  desired  shock  motions.  The  machine  was 
provided  with  two  separate  hammers  each  weigh¬ 
ing  400  lb.  They  were  so  arranged  that  they 
could  be  dropped  a  maximum  five  ft  and  impart 
shock  motions  in  three  mutually  perpendicular 
directions. 

This  machine  was  soon  adopted  by  the  U.  S. 
Navy  and  its  use  spread  from  naval  laboratories 
to  a  large  number  of  commercial  laboratories. 
It  is  known  in  this  country  as  the  "Class  HI 
Shock  Machine  for  Light-Weight  Equipment." 
Its  use  is  specified  in  Specification  MIL-S-901B 
[Reference  2]  and  at  least  50  of  these  machines 
have  been  built  and  are  now  being  used.  They 
have  proven  very  useful  in  ruggedizing  a  large 
number  of  items  of  equipment  weighing  up  to 
400  lb.  But  as  with  the  "250  ft-lb  machine"  the 
shock  severities  start  to  drop  off  quickly  when 
the  weight  of  the  tested  equipment  is  greater 
than  250  lb.  For  that  reason,  the  upper  weight 
limit  has  been  established  at  250  lb. 

For  a  weight  range  of  a  few  pounds  to  250  lb, 
the  maximum  peak  velocities  vary  from  18  ft/sec 
to  12  ft/sec  and  these  velocities  are  associated 
with  frequencies  of  about  100  cps.  Additional 
details  of  the  shock  characteristics  of  this  ma¬ 
chine  are  included  in  Reference  3. 

Since  the  effects  of  near-misses  were  felt  by 
all  kinds  of  equipment,  steps  were  taken  as 
early  as  1943  to  build  a  machine  capable  of 
shock  testing  equipment  weighing  more  than 
250  lb. 

Again,  influenced  by  the  fact  that  we  were 
engaged  in  a  World  War,  not  too  much  effort 
was  made  to  simulate  actual  shipboard  shock 
motions.  As  a  matter  of  fact,  not  too  much 
information  was  available  at  that  time  on  the 
nature  and  magnitude  of  shipboard  shock 
motions. 

So,  another  swinging  hammer  machine  was 
quickly  designed  and  built.  Provision  was  made 
this  time  for  a  3,000-lb  hammer  swinging  in  an 
arc  and  capable  of  dropping  a  maximum  of  5.5 
ft  and  hitting  the  underside  of  a  steel  anvil  plate. 

Various  tests  and  calibrations  established 
the  weight  limit  of  this  machine  at  4,500  lb. 
The  machine  has  become  known  as  the  "Class 
HI  Shock  Machine  for  Medium-Weight  Equip¬ 
ment."  Details  of  the  test  procedures  that  are 
employed  are  included  in  Reference  2. 

Maximum  shock  velocities  of  10  to  12  ft/sec 
at  a  frequency  of  70  cps  are  characteristic  of 
this  machine.  Equipmentweighingup  to  9,000  lb 


has  been  tested,  but  at  this  weight  range  the 
peak  velocities  drop  down  to  5  or  6  ft/sec  and 
it  is  therefore  considered  to  be  a  substandard 
test.  Additional  details  are  included  in  Refer¬ 
ences  4  and  5. 

Some  consideration  was  given  back  in  1944 
to  building  a  larger  shock  machine  with  a  ham¬ 
mer  weighing  16,000  lb.  This  proposal  was 
never  seriously  considered  beyond  the  very 
preliminary  design  stages  because  of  the  diffi¬ 
culties  that  could  be  foreseen.  One  stumbling 
block  was  the  problem  of  stress  concentration 
at  the  point  of  hammer  contact.  Another  reason 
for  postponing  this  development  was  the  desire 
to  simulate  more  closely  actual  shipboard  shock 
motions. 

By  1952,  sufficient  data  had  been  obtained  on 
which  to  base  a  study  to  determine  the  nature 
and  magnitude  of  representative  shipboard 
shock  motions.  Some  of  this  information  in¬ 
cluded  data  gathered  by  the  British  and  ex¬ 
changed  with  us  under  the  terms  of  an  Information 
Exchange  Project. 

Both  the  Naval  Research  Laboratory  and  the 
David  Taylor  Model  Basin  made  an  analysis  of 
the  available  data  and  made  recommendations 
on  the  type  of  shock  motions  that  can  be  expected 
aboard  naval  vessels.  These  recommendations 
were  used  as  abasisfor  specifying  typical  shock 
motions  that  a  heavy-weight  shock  machine 
should  simulate. 


BASIC  DESIGN  CONSIDERATIONS 


It  was  decided  at  the  beginning  of  this  devel¬ 
opment  that  the  desired  shock  simulation  could 
be  more  conveniently  expressed  in  terms  of 
velocity-time  curves.  The  principal  reason  for 
this  choice  was  that  the  most  reliable  full-scale 
data  was  obtained  by  using  velocity  meters. 

It  should  be  realized  that  the  type  of  shock 
motions  that  actually  exist  aboard  ship  are  ex¬ 
tremely  complicated  and  that  for  practical  rea¬ 
sons  some  compromise^  hid  to  be  made  as  to 
the  kind  of  shoak  motions  that  could  be  prac¬ 
tically  simulated. 

Taking  all  these  factors  into  consideration, 
the  best  compromise  that  could  be  arrived  at  is 
shown  in  Figure  1.  The  required  shock  motions 
have  been  expressed  in  terms  of  velocity-time 
curves  for  different  equipment  weights  ranging 
from  two  to  twenty  tons. 
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Figure 

1  -  (a) 

maximum  severity- 

velocity  time  curves,  (b)  tabulated  data 


The  curve  is  not  symmetrical  and  the  initial 
motion  maybe  considered  to  be  principally  gov¬ 
erned  by  the  character  of  the  pressure-time 
curve  of  a  particular  underwater  detonation. 
Subsequent  motions  are  slower  and  governed 
principally  by  the  spring  constants  of  the  struc¬ 
ture  supporting  the  item  of  equipment. 

Peak  velocities  of  30  ft/sec  are  associated 
with  equipment  weights  of  two  tons  and  peak 
velocities  of  20  ft/sec  are  associated  with  equip¬ 
ment  weights  of  twenty  tons.  Peak  accelerations 
and  displacements  derived  from  these  velocity¬ 
time  curves  are  shown  in  Table  1. 

It  should  be  realized  that  there  is  no  direct 
comparison  between  these  derived  values  of 
accelerations  and  the  shock  design  accelera¬ 
tions  that  are  specified  in  general  specifications 
for  the  design  of  shock- resistant  equipment. 

Once  the  desired  shock  motions  had  been 
established  it  was  not  difficult  to  determine 
what  additional  criteria  should  be  considered 


TABLE  1 

Tabulated  Design  Parameters 


Equipment 

Weight 

Peak 

Vel. 

(ft/sec) 

ao 

(g’s) 

*2 

(-g's) 

si 

(in.) 

sa 

(in.) 

2  Tons 

30 

488 

244 

0.688 

1.373 

t  j  =  3  msec 

15 

243 

122 

0.344 

0.686 

t2  »  6  msec 

8 

130 

65 

0.184 

0.367 

5  Tons 

28 

390 

195 

0.750 

1.50 

tj  »  3.5  msec 

'  14 

192 

96 

0.374 

0.750 

t2  =  7  msec 

8 

111 

55.6 

0.214 

0.428 

10  Tons 

25 

305 

152 

0.764 

1.525 

tj «  4  msec 

12 

146 

73 

0.367 

0.734 

t2  *  8  msec 

8 

97.7 

48.7 

0.245 

0.489 

20  Tons 

20 

195 

97.5 

0.763 

1.53 

tt  =  5  msec 

10 

97.5 

48.7 

0.382 

0.765 

t,  =  10  msec 
* 

8 

78 

39 

0.306 

0.612 

in  the  development  of  this  machine.  The  design 
criteria  included: 

1.  A  shock  test  table,  8  ft  by  16  ft  and  pro¬ 
vided  with  suitable  hold-down  arrange¬ 
ment  so  that  equipment  could  be  mounted 
and  operated  during  the  shock  test. 

2.  The  overhead  and  area  surrounding  the 
test  table  should  be  kept  clear  to  facilitate 
hoisting  and  handling  the  experiment  dur¬ 
ing  the  test  set-up. 

3.  Equipment  under  test  should  be  subjected 
to  horizontal  as  well  as  vertical  shock 
without  the  necessity  of  remounting. 

4.  The  shock  machine  should  be  adjustable 
and  have  a  flexible  control  system  in 
order  to  allow  a  wide  variation  in  the 
magnitude  of  the  shock  motions. 

5.  The  shock-test  table  should  be  rigid 
enough  so  as  not  to  distort  the  desired 
shock  motion. 

A  listing  of  all  these  requirements  repre¬ 
sents  a  formidable  array  of  conditions.  There 
was  some  doubt  at  the  beginning  of  this  project 
if  any  reasonable  progress  could  be  made.  For 
that  reason  the  project  was  split  into  four  phases 
and  could  be  conveniently  closed  out  when  it 
was  obvious  that  no  progress  could  be  made  at 
any  particular  phase.  These  phases  were: 

Phase  1.  Feasibility  study 

Phase  2.  Preliminary  or  contract  drawings 

Phase  3.  Production  and  detail  drawings 
Then  the  construction  of  the  prototype  follows. 
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GENERAL  DETAILS 


A  design  contract  was  granted  in  January 
1955  to  Power  Generators,  Inc.  to  undertake 
Phases  1  and  2  of  this  development.  Phases  1 
and  2  have  been  completed  and  final  reports 
have  been  submitted,  References  6  and  7. 

As  part  of  Phase  1  various  schemes  were 
considered.  These  included:  dropping  test 
table,  multiple  swinging  hammer,  air  actuated 
hammer,  torsion  springs,  linear  spring  using 
steel  in  bending,  rubber  spring,  electro- magnetic 
devices,  explosives,  and  liquid  springs. 

The  scheme  that  was  finally  adopted  involves 
the  use  of  liquid  springs  and  employs  the  com¬ 
pressibility  of  oil  to  store  the  desired  amount 
of  energy.  These  springs  can  theoretically 
develop  the  required  forces  and  at  the  same 
time  furnish  the  desired  amount  of  control. 

Some  idea  of  the  maximum  forces  and  pres¬ 
sures  that  are  required  are  given  in  Table  2. 
The  peak  force  of  36  x  106  lb  is  associated  with 
the  two-ton  test  load. 

It  has  proven  comparatively  simple  to  design 
a  mechanism  capable  of  producing  these  large 
forces.  The  problem,  however,  of  developing  a 
mechanism  capable  of  releasing  these  forces 
quickly  enough  has  been  the  most  difficult. 
This  problem  has  been  solved  by  the  ingenious 
application  of  a  wedge- release  mechanism. 


DESCRIPTION  OF  HEAVY  WEIGHT  SHOCK 
MACHINE 


The  machine  consists  of  a  very  rigid  welded 
steel  table,  8  ft  wide,  16  ft  long  and  about  8  ft 
deep.  The  table  is  connected  to  a  dual  liquid 
spring  assembly  which  is  used  to  apply  the 
required  accelerating  or  decelerating  forces. 
Two  of  these  spring  assemblies  provide  for 
horizontal  or  vertical  shock  motions.  Load 
cells  are  incorporated  in  order  to  assure  equal 
weight  distribution  prior  to  the  shock  test.  The 
general  arrangement  is  shown  in  Figure  2. 

The  liquid  spring,  Figure  3,  used  in  this 
machine  is  a  device  which  generates  a  linear 
force-displacement  characteristic  in  the  same 
manner  as  a  steel  spring.  The  liquid  spring 
uses  the  compressibility  of  oil  as  the  spring 
medium.  For  this  application,  a  proprietary 
product,  Comproil  118,  is  employed.  The  pro¬ 
posed  arrangement  consists  essentially  of  two 
springs  within  one  cylinder.  The  lower  cham¬ 
ber  is  the  accelerating  spring  and  the  upper 
chamber  is  the  decelerating  spring. 

The  volume  of  the  liquid  spring  chambers  is 
adjusted  to  provide  the  desired  spring  rate.  The 
volume  variation  is  accomplished  by  adding  or 
removing  mercury  from  the  auxiliary  chambers 
connected  to  the  main  upper  and  lower  chambers. 

The  desired  force  is  obtained  by  compressing 
the  oil  on  the  lower  or  acceleration  side  of  the 


TABLE  2 

Derived  Design  Data 


Test 

Initial 

Final 

Initial 

Final 

Initial 

Final 

Weight 

Accel-a 

Accel-a, 

Force-F0 

Force- f2 

Pressure-Pn 

Pressure-P, 

(Tons) 

(g)  ° 

(-g) 

(x  106'  lbs) 

(-x  106  lbs) 

(psi) 

(psi) 

2 

488 

244 

35.1 

15.1 

17,800 

12,500 

243 

122 

17.5 

7.56 

8,860 

6,250 

130 

65 

9.34 

4.03 

4,730 

3,330 

5 

390 

195 

30.4 

13.25 

15,400 

10,950 

192 

96 

14.95 

6.53 

7,570 

5,400 

111 

55.6 

8.65 

3.78 

4,380 

3,110 

10 

305 

152 

26.8 

11.85 

13,600 

9,800 

146 

73 

12.8 

5.7 

6,500 

4,700 

97.7 

48.7 

8.58 

3.8 

4,350 

3,600 

20 

195 

97.5 

21.0 

9.55 

10,650 

7,900 

97.5 

48.7 

10.5 

4.76 

5,330 

3,940 

78 

39 

8.4 

3.82 

4,250 

3,160 
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piston.  The  piston  is  restrained  from  moving 
by  means  of  a  tensile  rod  concentric  with  and 
bearing  on  the  inside  surface  of  the  piston.  The 
opposite  end  of  the  tensile  rod  is  fitted  with  a 
wedged  surface  which  bears  against  a  similar 
wedged  surface  and  thus  prevents  motion  of  the 
piston  until  the  matingwedged  surface  is  forcibly 
removed.  Theoretically  an  angle  can  be  chosen 
for  the  wedge  such  that  it  is  at  the  point  impend¬ 
ing  self- locking.  Under  this  condition,  the  wedge 
can  be  moved  by  a  small  force.  If  the  wedge  is 
moved  quickly  enough,  then  no  restraint  is 
placed  on  the  shock  test  table  during  its  accel¬ 
erating  phase.  This  principle  is  used  in  the 
proposed  wedge  release  mechanism. 

The  mechanism  required  to  remove  the  wedge 
quickly  has  turned  out  to  be  more  complicated 
than  the  actual  shock  machine.  The  wedge 
release  mechanism  consists  of  three  concentric 
cylinders.  The  outside  cylinder  serves  as  an 
air  reservoir  for  accelerating  the  piston  which 
slides  in  the  midcylinder.  The  innermost  cyl¬ 
inder  is  fitted  with  a  second  piston  which  is 
connected  to  the  wedge  that  must  be  quickly 
removed.  The  innermost  cylinder  also  serves 
as  a  liquid  buffer  and  a  means  of  positioning  the 
wedge  after  a  test.  Water  is  included  between 
the  two  pistons.  This  water  serves  as  a  medium 
to  transfer  the  kinetic  energy  of  the  piston  being 
accelerated  to  the  pressures  needed  to  actuate 
the  wedge. 

Operationally,  air  is  applied  to  the  piston  in 
the  midcylinder.  This  piston  moves  and  ex¬ 
poses  the  exahust  ports  of  the  outer  cylinder 


and  thus  applies  the  full  air  pressure  and  accel¬ 
erates  the  midpiston  to  the  required  velocity. 
The  water  that  has  been  introduced  between  the 
two  pistons  is  forced  out  until,  near  the  end  of 
its  stroke,  the  midpiston  now  movingwith  maxi¬ 
mum  velocity  closes  the  exhaust  ports  andbegins 
to  compress  the  water  remaining  at  the  extreme 
end  of  the  midcylinder.  This  increase  in  pres¬ 
sure  actuates  the  wedge  release  and  the  required 
test  motions  are  applied  to  the  equipment. 

It  is  realized,  of  course,  that  the  studies  to 
date  have  been  largely  theoretical.  There  are 
still  a  number  of  problems  to  be  worked  out.  In 
the  design  of  such  a  massive  machine,  not  all 
design  problems  can  be  solved  by  analysis  or 
preliminary  layout.  For  these  reasons,  it  is 
foreseen  that  experimental  testing  of  some  of 
the  more  critical  items  will  have  to  parallel  the 
development  of  the  production  drawings. 


CONCLUSIONS 


In  conclusion,  studies  so  far  have  shown  that 
it  is  feasible  to  construct  a  heavy-weight  machine 
that  will  be  capable  of  simulating  the  required 
shock  motions  that  shipboard  equipment  in  the 
weight  range  of  2  to  20  tons  can  be  expected  to 
encounter.  These  shock  motions  correspond  to 
30  ft/sec  for  the  2-ton  weight  and  20  ft/sec  for 
the  20-ton  weight.  Frequencies  of  84  cps  and 
50  cps  are  associated  with  these  velocities. 
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DISCUSSION 


Muller,  Sperry  Gyroscope:  I  would  like  to  ask 
Mr.  Gareau  what  displacement  is  associated 
with  those  velocities. 

Gareau:  Well,  the  displacement  varies,  of 
course,  but  it  is  not  greater  than  2  inches. 

Muller:  If  it  is  2  inches,  how  do  you  get  the 
table  back  again  to  a  stalled  position  ?  How  do 
you  bring  it  to  a  stop?  You  show  a  velocity 
time  curve  there. 

Gareau:  Well,  I  failed  to  mention  at  the  time 
one  other  condition  we  set  up  for  tests  on  this 
machine— the  subsequent  shock  motion  should 


not  be  greater  than  the  initial  half  cycle  pulse. 
In  the  particular  diagram  which  you  saw,  provi¬ 
sion  was  made  to  incorporate  onthefour  corners 
of  the  test  table,  a  wedge  device  which  would 
move  up  with  the  table.  Therefore,  it  is  con¬ 
ceivable  that  you  would  not  have  any  subsequent 
motion,  that  once  the  half  cycle  of  the  velocity 
time  curve  has  been  completed,  the  table  would 
be  stopped.  Is  that  clear? 

Muller:  You  would  introduce  another  shock 
though,  wouldn't  you,  if  you  bring  it  to  a  stop 
again  ? 

Gareau:  No.  It  would  be  stopped  when  the 
velocity  was  zero. 


VIBRATION  TESTING  MACHINES 
IN  THE  ONE  TO  TWENTY  TON  LOAD  RANGE 
FOR  SIMULATION  OF  TRANSPORT  CONDITIONS 
ON  CRYOGENIC  EQUIPMENT  AND  MISSILES 

E.  H.  Brown  and  R.  M.  McClintock,  National  Bureau  of  Standards, 

Boulder,  Colo. 


Large  airborne  cryogenic  equipments  weighing  up  to  10  tons  are  sub¬ 
jected  to  sinusoidal  vibration  testing  on  the  NBS-60,000  mechanical 
shaker.  The  experience  gained  has  been  used  to  design  a  second  machine 
capable  of  testing  units  weighing  up  to  20  tons. 


The  vibration  laboratory  of  the  National 
Bureau  of  Standards'  Cryogenic  Engineering 
Division  at  Boulder,  Colorado,  was  originally 
constructed  to  simulate  field  transport  condi¬ 
tions  on  large,  refrigerated,  liquid  hydrogen 
and  liquid  nitrogen  containers  for  the  U.  S.  Air 
Force.  Because  of  the  proximity  of  gas  lique¬ 
faction  facilities  at  the  Boulder  Laboratories,  a 
large  shaker  was  designed  and  erected  at 
Boulder.  This  shaker  is  capable  of  imparting 
sinusoidal  vibrations  to  loaded  liquefied  gas 
containers  called  "dewars”  weighing  up  to 
12,000  lb  over  a  frequency  range  of  5  to  75  cps 
at  various  required  amplitudes.  Although  oper¬ 
ating  essentially  at  constant  amplitude  rather 
than  constant  force,  this  machine  will  be  called 
the  NBS-60,000  shaker  with  reference  to  the 
peak  force  developed. 

The  work  performed  at  the  vibration  labo¬ 
ratory  naturally  includes  testing  of  objects  of 
such  size  as  this  NBS-60,000  shaker,  alone, 
can  handle.  Vibration  and  acceleration  tests  on 
lighter  objects  can  also  be  made  with  smaller 
equipment,  such  as  the  M-B  2500-lb  force  shaker. 
Frequently  there  are  problems  associated  with 


vibration  testing  that  are  best  dealt  with  by  the 
facilities  at  the  Boulder  Laboratories.  Such 
associated  problems  include  cryogenic  testing 
programs,  requirements  for  large  quantities  of 
liquefied  gases,  hazards  which  arise  with  the 
presence  of  liquid  hydrogen  and  liquid  oxygen, 
and  the  need  for  other  equipment  at  the  Boulder 
Laboratories— such  as  the  primary  U.  S.  Fre¬ 
quency  Standard— which  may  be  required  for 
special  tests.  A  special  telephone  line  to  the 
nearby  Radio  Standards  Laboratory  connects 
the  vibration  laboratory  with  the  primary  U.  S. 
Frequency  Standard  which  can  supply  100  me 
or  submultiples  with  an  accuracy  of  one  part  in 
10 10  for  tests  on  electronic  equipment. 


DESCRIPTION  OF  THE  NBS-60,000  SHAKER 

The  NBS-60,000  shaker  is  located  in  a 
concrete-lined  pit  in  the  center  of  the  shaker 
room.  The  walls  of  this  pit  serve  both  as  foun¬ 
dation  for  the  shaker  and  as  blast  protection. 
Test  objects  arebrought  into  the  shaker  through 
the  end  of  the  pit  by  way  of  a  sunken  drive. 
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Test  objects  weighing  up  to  12,000  lb,  6  ft  in 
diameter  and  18  ft  long  can  be  accommodated 
in  the  pit  itself.  Since  the  pit  is  open  at  one 
end,  objects  up  to  approximately  24  ft  long  can 
be  tested  if  they  can  be  mounted  within  a  10-ft 
section  near  their  center. 

The  shaker  itself  consists  of  a  reinforced 
steel  table  mounted  on  coil  springs  and  driven 
by  counter-rotating,  eccentric-shaft  shaker 
mechanisms,  located  on  top  of  the  table  for 
vertical  motions,  and  on  one  end  for  horizontal 
motions.  The  position  of  the  mechanisms  is 
adjustable  so  that  the  resultant  force  can  be 
made  to  act  through  the  center  of  mass  of  the 
combined  system.  Hoists  are  available  for 
lifting  test  objects  up  to  a  bomb  rack  or  other 
suitable  mounts  on  the  underside  of  the  table. 

The  natural  frequency  of  the  unloaded  shaker 
system  is  approximately  3.7  cps.  Thus,  above 
about  5  cps  the  amplitude  of  vibration  for  rigidly 
mounted  test  objects  remains  essentially  con¬ 
stant  with  increasing  frequency.  In  order  to 
obtain  variation  in  amplitude,  three  different 
pairs  of  mechanisms,  having  total  unbalances 
of  100,  360  and  480  lb-in  are  available. 

These  mechanisms  can  be  used  either  singly 
or  in  pairs,  and  provide  six  obtainable  ampli¬ 
tudes  for  a  given  test  object.  The  amplitudes 
can  be  reduced  by  loading  the  table  with  dummy 
weights.  Because  of  the  limitations  on  bearing 
loads,  the  higher  force  output  mechanisms  are 
correspondingly  limited  in  frequency  range,  the 
respective  upper  limits  being  75,40  and  10  cps. 
Because  of  the  method  of  force  generation  and 
the  fact  that  the  measured  system  damping  is 
only  0.003  of  critical,  the  wave  form  should  be 
very  nearly  sinusoidal.  Experimentally  obtained 
wave  forms  bear  this  out,  showing  no  evidence 
of  higher  harmonics  or  distortion. 


TESTS  MADE  EMPLOYING  NBS-60,000 
SHAKER 


In  order  to  reduce  accelerations  transmitted 
from  bomb-rack  to  dewar  during  shock  or  high- 
frequency  vibrations  encountered  in  transport, 
a  shock-mount  system  between  the  dewar  sup¬ 
port  yoke  and  the  suspension  hook  and  sway 
braces  was  designed.  Transmissibilities  of 
this  system  were  then  measured  on  the  NBS- 
60,000  shaker  by  using  a  dummy  having  the 
same  weight  and  suspension  system  as  the 


tactical  dewars  designed  by  the  Cryogenic  Engi¬ 
neering  Division  for  the  U.  S.  Air  Force.  These 
tests  showed  that  the  shock-mount  system, 
which  was  designed  for  a  natural  frequency  of 
15  cps  with  a  6, 800- lb  loaded  dewar,  would  give 
sufficient  isolation  to  prevent  the  transmission 
of  high  accelerations. 

The  hydrogen  dewars  designed  by  the  Cry¬ 
ogenic  Engineering  Division  are  required  to 
keep  liquid  hydrogen  without  loss.  To  accom¬ 
plish  this,  a  refrigerator— essentially  a  Joule- 
Thomson  liquefaction  system— was  designed  as 
an  adjunct  to  the  dewar. 

This  3,200-lb  refrigerator  unitwas  tested  on 
the  NBS-60,000  shaker  from  10  to  60  cps  at  am¬ 
plitudes  considered  to  simulate  field  transport 
conditions.  These  tests  indicated  satisfactory 
performance  of  the  shock  mount  system  but 
served  to  point  out  several  mechanical  design 
faults.  These  faults  included  a  bad  resonant 
point  of  a  heavy  explosion-proof  power  breaker 
and  mountingbracket,  and  a  number  of  hydrogen 
leaks  which  developed  under  vibration  in  piping 
joints. 


A  LARGE  SHAKER  WITH  CONTINUOUSLY 
VARIABLE  FREQUENCY  AND  AMPLITUDE 


One  of  the  difficulties  on  the  Boulder  shaker 
is  that  variation  of  amplitude  requires  shutting 
down  and  changing  mechanisms.  This  difficulty 
has  been  overcome  by  a  new  design  in  which 
amplitude  can  be  continuously  varied  during 
operation.  This  new  design  is  very  flexible  and 
can  be  adapted  for  test  loads  up  to  at  least  20 
tons  and  a  maximum  frequency  range  of  about 
1  to  75  cps. 

A  particular  application  of  this  design  has 
been  adapted  for  testing  15-ton  objects  at  one- 
inch,  double-amplitude  from  1  to  7  cps,  and  with 
a  constant  force  of  60,000  lb  from  7  to  50  cps. 
Such  a  vibration  facility  would  be  able  to  handle 
objects  up  to  50  ft  long  and  12  ft  wide. 

The  eccentric  shafts  and  the  mechanisms 
for  this  machine  are  so  arranged  that,  by  proper 
phasing,  the  amplitude  may  be  continuously 
varied  from  zero  to  maximum.  At  the  same 
time,  above  7  cps,  bearing  loads  may  be  held 
constant  with  constant  developed  force  over  the 
remainder  of  the  frequency  range. 


DISCUSSION 


Christensen,  Firestone:  How  is  the  suspension 
of  the  platform  arranged  and  is  it  the  same  sus¬ 
pension  for  horizontal  drive  as  for  vertical  or 
are  they  different? 

McCIintock:  I  assume  you  refer  to  the  second 
design  I  spoke  of.  The  first  is  accomplished 
merely  by  using  coil  springs,  one  at  each  corner 
of  the  table.  The  second  is  a  little  unique  in 
that  it's  suspension  is  accomplished  by  means 
of  air  springs.  I  mentioned  the  frequencies 
available  as  one  to  twenty-five  cps.  This  neces¬ 
sitates  that  the  natural  frequency  shall  be  less 
than  one  cycle  per  second. 

Each  of  the  two  tables  shown  is  mounted  on 
air  springs,  one  at  each  corner,  and  there  is  an 
interconnecting  damping  orifice  between  two 
sections  in  each  of  the  air  springs.  This  allows 
not  only  the  attainment  of  resonant  frequencies 
of  the  desired  magnitude  of  less  than  one  cycle 
but  also  gives  possibilities  for  variation  of  sys¬ 
tem  damping.  The  manufacturers  of  such  air 
springs  assure  us  that  damping  will  be  available 
from  .01  to  0.2  of  critical.  This  allows  us  to 
make  any  necessary  adjustments  in  the  stiff¬ 
ness  of  the  vibration  machine  when  it  is  to  be 
used  in  a  horizontal  direction. 

The  first  design  mentioned,  the  one  existing 
at  Boulder,  has  no  allowance  for  variation  of 
stiffness  in  the  horizontal  direction.  However, 
since  the  damping  is  not  variable  and  there  is 
so  very  little  anyway,  the  waveforms  obtainable 
from  both  vertical  and  horizontal  motion  are 
very  nearly  sinusoidal,  and  within  the  frequency 
range  of  the  recording  equipment  it  is  impos¬ 
sible  to  show  any  variation. 

Dillon,  Northrop,  Hawthorne:  I  gathered  from 
your  statement  that  the  attachment  points  of 
your  specimen  are  coil  springs.  Would  you 
clarify  that  for  me,  please? 

McCIintock:  I'm  sorry  if  I  did  not  make  that 
clear.  No.  The  vibration  table  itself  is  mounted, 
in  the  case  of  the  first  design,  on  coil  springs, 
one  at  each  of  its  corners.  In  the  case  of  the 
second  design,  the  table  mount  is  on  air  springs, 
but  the  attachment  of  test  objects  to  both  tables 
will  be  either  by  rigid  mounts  or  by  shock  mount 
systems  as  would  be  used  in  normal  suspension  of 
the  test  object  during  field  transport  conditions. 


Dillon:  To  pursue  another  point  here,  have  you 
in  your  experience  encountered  a  problem  of 
definition  of  your  input  in  the  sense  that  if  you 
attach  it  at  more  than  one  point  at  a  time  you 
would  have  such  things  as  unbalance,  out  of 
phase  conditions,  or  structural  amplification 
which  would  tend  to  confuse  the  response? 

McCIintock:  My  experience  is  definitely  lim¬ 
ited,  but  this  has  been  given  some  thought, 
especially  in  the  second  design  mentioned, 
inasmuch  as  a  rigid  table  is  not  used  for 
mounting  a  test  object.  The  two  tables  are 
independent  of  one  another  and  an  attempt  is 
merely  made  to  keep  the  driving  forces  in 
phase  on  either  table. 

You  are  definitely  right  in  pointing  out  the 
fact  that  there  will  be  out-of-phase  motion  of 
the  two  tables  if  they  are  not  equally  loaded. 
There  are  two  ways  that  this  might  be  remedied 
if  it  is  an  undesirable  situation.  It  may  not  be 
undesirable  because  perhaps  under  the  desired 
shipping  conditions  for  such  a  container,  or 
missile  in  a  container,  the  motions  encountered 
in  shipment  might  be  such  as  one  encountered 
under  test  conditions.  But  if  it  were  an  undesir¬ 
able  situation,  it  might  be  possible  to  equally 
load  the  tables  by  using  dummy  weights  attached 
to  one  of  them.  Then  again  it  might  be  possible 
to  suspend  the  system  from  two  points  such  that 
equal  loading  of  the  tables  would  occur. 

Now,  wasn't  there  a  question  of  definition  of 
input  to  testing? 

Dillon:  Yes.  Say  you  have  a  specification  to 
which  you  are  testing  and  there  are  tolerances 
which  have  to  be  met.  Would  all  four  corners 
have  to  be  within  the  tolerance  or  would  it  be 
legitimate  to  average  the  four  to  satisfy  the 
condition  of  the  specification?  Or  would  this 
not  really  be  necessary? 

McCIintock:  Yes,  it  is  necessary  to  consider  it 
because  specifications  do  not  necessarily  pro¬ 
vide  for  rotational  components.  The  considera¬ 
tion  given  in  the  case  of  the  first  design  which 
was  then  in  existence,  was  the  capability  for 
relocating  the  driving  mechanisms  on  the  top  of 
the  table  simply  by  brute  force.  First  of  all,  a 
preliminary  calculation  was  made  as  to  the 
probable  center  of  mass  of  the  combined  test 
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table  and  test  object.  This  was  a  system  ofone- 
degree-of-freedom  if  there  was  no  shock  mount¬ 
ing  or  two  if  there  was  one.  Sometimes  it  was 
necessary  to  approximate,  to  try  it  and  if  the 
first  approximation  failed,  you  wrestled  with 
those  mechanisms  a  bit  and  made  the  necessary 


corrections  so  that  rotational  components 
were  minimized.  This  was  also  the  case  for 
longitudinal  vibrations,  but  beyond  this  attempt 
to  minimize  the  rotational  components  no  attempt 
was  made  to  evaluate  the  validity  of  the  test  for 
those  other  components  known  to  be  present. 


LABORATORY  SIMULATION 
OF  UNDERWATER  EXPLOSIONS 

R.  F.  Mead,  Naval  Ordnance  Laboratory,  White  Oak,  Md. 


The  design  of  submarine  weapons  and  equipment  to  resist  underwater 
explosions  is  a  major  problem  to  naval  designers.  A  machine  has  beon 
developed  which  will  subject  such  equipment  to  controlled  laboratory 
testing.  Shock  waves  and  bubble  pulses  may  be  properly  sequenced  or 
introduced  separately.  Wide  ranges  of  peak  pressure,  depth,  bubble 
period,  impulse,  and  pulse  shape  are  obtainable. 


Damage  to  underwater  weapons  and  subma¬ 
rines  as  a  result  of  explosions  is  a  major  prob¬ 
lem  to  naval  designers.  The  increased  com¬ 
plexity  of  such  weapons  implies  a  susceptibility 
to  damage  from  shock  loadings.  To  design 
resistance  against  such  loadings  into  the  weapon 
requires  trial  and  error  information.  In  the 
past,  field  tests  involving  full-scale  weapons 
have  been  the  only  source  of  this  information. 
Field  tests  are,  of  necessity,  not  only  slow  and 
expensive  but  yield  a  minimum  of  data. 

Under  joint  sponsorship  of  BuOrd  and  BuShips , 
NOL  began  working  on  a  laboratory  facility  to 
provide  a  means  for  subjectingweapon  and  sub¬ 
marine  components  to  simulated  underwater 
explosions.  In  the  process  of  development  sev¬ 
eral  techniques  were  investigated,  some  dis¬ 
carded  as  impractical  or  incomplete,  but  one 
technique  seemed  promising.  This  technique 
led  through  a  prototype  machine  to  the  present 
facility  which  is  called  theUWX  Machine  (Under¬ 
water  Explosion). 

Before  further  introducing  the  UWX  Machine, 
it  is  necessary  first  to  discuss  an  underwater 
explosion.  When  a  charge  is  exploded  under¬ 
water  a  pressure  wave  (compression)  is  pro¬ 
duced  which  propagates  at  the  speed  of  sound 
in  water,  approximately  5,000  ft/sec.  This 
initial  pressure  pulse  is  called  the  shock  wave 
and  is  associated  with  the  first  expansion  of  the 
gaseous  products  of  the  explosion.  These 
gaseous  products  form  a  globe  which  will 


oscillate  and  upon  each  expansion  produce  sec¬ 
ondary  pressure  waves  known  as  bubble  pulses. 
The  shock  wave  is  a  relatively  short-duration 
pulse  of  high  peak  pressure  which  can  be  ap¬ 
proximated  mathematically  by  P  =  Pmax  e_t/0 
where  9  is  the  time  constant  and  is  related  to 
the  charge  weight. 

The  first  bubble  pulse  does  not  attain  pres¬ 
sures  of  the  order  of  the  shock  wave  but  does 
have  a  greater  duration  and  therefore  may 
exhibit  greater  impulse.  Bubble  pulses  after 
the  first  can  usually  be  neglected.  In  general, 
when  discussing  an  underwater  explosion,  one 
speaks  of  a  shock  wave  followed  at  a  later  time 
by  a  bubble  pulse.  These  pressure  waves  follow 
the  rules  governing  elastic  waves.  Therefore, 
at  a  free  surface  a  reflection  of  the  opposite 
sense  occurs  and  at  a  perfectly  rigid  boundary 
a  reflection  of  the  same  sense  occurs.  These 
reflections  play  a  part  under  certain  conditions 
of  position  relative  to  free  or  fixed  surfaces. 
One  can  expect  a  cutoff  or  reinforcement  of  the 
incident  pulse  as  a  result  of  these  reflections 
(Figure  1). 

The  UWX  Machine  was  designed  to  generate 
a  shock  wave  and  bubble  pulse  which  would  con¬ 
tain  the  essential  variables  present  in  an  under¬ 
water  explosion.  These  were  considered  to  be 
peak  pressure,  impulse,  time  constant,  and 
sequencing  of  pulses.  This  machine  operates 
first  to  produce  the  shockwave  which  it  accom¬ 
plishes  by  imparting  velocity  to  a  hammer.  The 
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(a) 


Figure  1  -  (a)  direct  wave  and 

surface  reflection,  (b)  resultant 
pressure-time  curve  at  point  C 


hammer  is  air  driven  and  moves  upward  until 
it  impacts  a  piston  at  the  bottom  of  a  vertical 
water  column  (Figure  2).  This  water  column 
may  be  under  prior  hydrostatic  pressure  to  a 
maximum  of  2,250  ft  (1,000  psi). 

The  impact  transfers  hammer  energy  to  the 
water  and  results  in  a  rapid  pressure  rise  fol¬ 
lowed  by  an  exponential  decay.  The  pulse  formed 
migrates  upward  at  the  velocity  of  sound  in  the 
water.  The  time  constant  governing  decay  of 
the  pulse  is  related  to  the  piston  mass/area 
ratio  and  can  be  varied  by  substitution  of  other 
pistons.  The  other  parameters  are  more  easily 
controlled.  Peak  pressure  is  a  function  of  ham¬ 
mer  velocity  and  is  controllable  through  the  air 
pressure  used  to  accelerate  the  hammer. 

Impulse  variation  results  from  a  choice  of 
position  of  the  test  item  within  the  vertical 
water  column.  In  the  UWX  Machine  there  is  a 
reflection  which  occurs  when  the  shock  wave 
reaches  the  upper  end  of  the  water  column. 
Expansion  into  a  reservoir  section  produces  a 
free-surface  type  reflection.  This  reflection 
being  opposite  in  sense  drops  the  pressure  at 
points  it  passes  to  values  below  the  initial 
pressure.  This  cutoff  provides  the  means  for 
varying  impulse. 

Maximum  duration  and  impulse  for  a  given 
set  of  conditions,  occurs  at  the  piston  or  bottom 
end  of  the  water  column.  The  impulse  will  de¬ 
crease  as  a  function  of  position  to  a  zero  value 


Figure  2  -  UWX  Machine  (1/10  scale  model) 


at  the  reflection  point.  The  traveling  wave, 
moving  up  and  down  in  the  UWX  Machine,  under¬ 
goes  other  reflections  as  it  reaches  the  ends  of 
the  water  column  and  at  certain  times  returns 
to  positive  pressures.  These  secondary  positive 
pulses  are  smaller  than  the  first  pulse  but  may 
play  a  part  in  the  excitation  or  damage  to  cer¬ 
tain  components  or  systems.  These  reflections 
must  be  considered  in  interpreting  results  ob¬ 
tained  in  the  UWX  Machine. 


Sequencing  the  shock  wave  and  bubble  pulse 
is  quite  easy  since  it  only  requires  a  time 
release  of  a  second  hammer.  This  second 
hammer  driven  by  compressed  air  is  fired 
vertically  downward  and  strikes  a  piston  resting 
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on  an  air  cushion  atop  the  reservoir.  The  piston 
produces  an  adiabatic  compression  of  the  air 
cushion  and  results  in  a  pulse  which  approxi¬ 
mates  the  bubble  pulse.  The  bubble-pulse  ham¬ 
mer  is  held  by  an  electromagnet  and  can  be 
released  by  breaking  the  magnetic  circuit.  A 
photocell  operated  by  the  shock  wave  hammer 
starts  a  timer  which  can  be  set  to  release  the 
bubble-pulse  hammer  after  a  predetermined 
time  delay. 

The  shock  wave  build-up  time  was  previ¬ 
ously  stated  to  be  about  300  microsec.  This 
somewhat  slow  rise  is  primarily  due  to  a  domed 
hammer.  The  dome  was  incorporated  to  insure 
central  impact  regardless  of  possible  mal¬ 
alignment  between  hammer  and  piston.  A  flat¬ 
faced  hammer  is  now  being  prepared  and  should 
reduce  build-up  to  a  much  shorter  time. 

Specimen  mounting  is  a  problem  in  a  facility 
of  this  type.  When  a  component  is  removed 
from  its  normal  environment,  certain  restraints 
are  eliminated.  These  restraints  can  never  be 
exactly  duplicated  so  in  general  two  mountings 
are  employed  such  that  the  test  conditions  will 
tend  to  provide  an  oversimulation.  It  is  con¬ 
sidered  that  two  tests,  one  with  the  specimen 
rigidly  mounted  and  one  freely  suspended  will 
provide  data  which  will  bracket  actual  field 
effects.  This  approach  would  pertain  to  items 
which  would  respond  or  be  damaged  primarily 
by  inertial  loading.  A  device  susceptible  to 
pressure  loading  might  not  require  such 
consideration. 

In  the  case  of  inertial  loading,  acceleration 
information  provides  a  useful  guide  for  com¬ 
paring  the  severity  of  field  and  laboratory 
results.  All  specimen  handling  and  mounting  is 
accomplished  through  an  opening  in  the  top  of 
the  UWOC  reservoir.  The  specimen  is  lowered 
on  a  cable  (free)  or  pipe  (rigid)  suspension 
which  is  attached  to  a  framework  in  the  reser¬ 
voir.  The  distance  of  the  specimen  down  into 
the  test  section  (vertical  water  column)  is  de¬ 
termined  from  the  desired  impulse  or  pulse 
duration. 

Tourmaline  gages  are  used  to  measure  the 
dynamic  pressures  (Figure  3).  There  are  three 
locations  in  the  test  section  wall  which  provide 
mounting  for  these  gages.  One  is  not  limited  to 
these  locations  since  gages  on  cables  can  be 
placed  within  the  test  section  but  it  is  not  gener¬ 
ally  necessary  to  use  other  locations  due  to 
ease  of  interpolation  for  determining  the  pres¬ 
sure  history  at  any  point.  The  gages  require  a 
cathode  follower  type  preamplifier  to  provide 
an  impedance  match  between  the  gage  and  oscil¬ 
loscope.  Much  of  the  recording  is  done  with  a 
s  ingle  channel  oscilloscope  and  Polaroid  camera. 


For  operations  requiring  more  channels,  the 
NOL  six-trace  oscilloscope  and  35  mm  camera 
are  used. 

The  prime  capabilities  of  the  UWX  Machine 
are: 

1.  Simulation  of  initial  depths  to  2,250  ft 
(1,000  psi), 

2.  Shock  wave  peak  pressures  to  4,000  psi 
(30  ft  from  the  explosion  of  300-lb  TNT), 

3.  Maximum  shockwave  duration  of  3  milli¬ 
seconds, 

4.  Maximum  test  specimen  diameter  of  15 
inches, 

5.  Separation  or  sequencing  of  shock  wave 
and  bubble  pulse. 

The  UWX  Machine  has  only  recently  been 
completed  and  calibration  and  shakedown  tests 
are  still  underway.  The  results  obtained  to 
date  agree  quite  well  with  theoretical  perform¬ 
ance  curves.  Certain  minor  deviations  require 
further  investigation  to  establish  the  associated 
causes.  Minor  design  changes  are  in  progress 
to  improve  the  operation  of  the  machine  and  to 
improve  the  simulation  it  produces.  Some  tests 
of  ordnance  components  have  been  conducted 
with  encouraging  results  which  show  good  cor¬ 
relation  with  field  data. 

The  types  of  investigations  which  can  be 
carried  out  are  those  combining  the  variations 
of  initial  selected  simulated  depths  with  selected 
shock-wave  peak  pressures  in  one  of  the  three 
distinct  types  of  studies  as  follows:  (1)  shock 
wave  effects  alone,  (2)  bubble  pulse  effects  alone, 
and  (3)  the  combined  effects  of  shock  wave  and 
bubble  pulse. 

Probably  the  most  significant  conclusion  is 
that  there  now  exists  a  facility  which  can  produce 
a  reproducible  pulse  bearing  a  marked  similar¬ 
ity  to  the  shock  wave  developed  by  an  under¬ 
water  explosion.  This  facility  also  permits 
ease  and  speed  of  data  collecting  with  reference 
to  damage  or  response  of  ordnance  and  sub¬ 
marine  components  resulting  from  under¬ 
water  explosions. 
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DISCUSSION 


McKeehan,  ESL,  Yale  Univ. :  My  interest  at 
present  is  with  the  Electric  Boat  Division  of 
General  Dynamics  Corp.  The  problem  of  simu¬ 
lating  shock  on  supported  objects  inside  a  hull, 
passed  over  in  the  last  presentation,  appears  to 
be  open  to  attack  by  the  same  method.  The 
author  is  dealing  with  an  open  pipe  and  con¬ 
sidering  the  pressure  variations  within  the  open 
pipe  before  the  reflection  from  the  free  end  gets 
back  or  before  the  combination  of  the  positive 
and  negative  pulses.  All  one  would  have  to  do 
would  be  to  terminate  the  pipe  with  a  plate 
representing  the  mounting  surface  in  the  ship's 
hull.  This  might  mean  that  you  would  have  to 
enlarge  the  section  as  it  went  up  and  accept 
some  attenuation  of  the  total  impact  per  unit 
area.  But  it  would  still  be  possible  to  shape 
the  pulse  received  as  you  do  here,  and  also  the 
reaction  of  the  mounted  element,  so  as  to  simu¬ 
late  in  a  pretty  good  fashion  the  shocks  on  hull 
mounted  structures.  I  merely  wanted  to  point 
out  that  the  possibilities  of  this  type  of  experi¬ 
mentation  have  only  just  been  started. 

Mead:  That  was  a  very  good  point  you  brought 
up.  The  machine  seems  to  have  a  large  num¬ 
ber  of  possibilities.  Dr.  Bryant,  whom  I  men¬ 
tioned  before,  is  planning  to  deal  with  scale 
models  of  submarines.  I  have  looked  into  the 
problem  of  scaling  a  little  and  it  bothers  me 
somewhat.  I  have  to  get  in  touch withDr.  Bryant 
to  see  what  he  intends  to  do.  It  would  seem  that 
in  order  to  scale,  we  have  to  adjust  the  speed 
of  sound  beyond  easily  scaled  limits.  The 
transit  time  across  any  scaled-down  model  is 
going  to  be  correspondingly  faster  because  of 
the  small  size.  I  believe  the  transit  time  should 
scale  as  the  square  or  the  square  root— I  am 
not  sure  which  at  the  moment.  I  have  not  found 
a  good  way  yet  though  I  do  think  it  is  possible. 
If  you  just  wish  to  scale  the  impulse,  the  ma¬ 
chine  will  scale  very  nicely. 

Taylor,  Portsmouth  Naval  Shipyard:  It  was 
mentioned  that  you  could  make  a  machine  with 
a  steel  plate  on  the  end  instead  of  an  open  cham¬ 
ber.  Such  a  machine  was  made  at  the  request 
of  the  Bureau  of  Ships  many  years  ago  by  Ports¬ 
mouth  Navy  Yard  because  that  is  a  problem 
that  is  verywell  recognized  in  submarine  design. 
Every  component  in  the  hull  must  be  at  least  as 
strong  as  the  hull  and  be  able  to  take  pressure 
transients  of  this  sort. 


The  machine  at  the  Naval  Ordnance  Labo¬ 
ratory  provides  a  shock  similar  to  that  of  the 
Portsmouth  machine.  We  do  just  what  was  sug¬ 
gested.  We  have  a  closed  chamber  with  a  piston 
which  is  struck  by  a  moving  weight  very  similar 
to  this  machine.  We  get  pulses  similar  in  dura¬ 
tion  and  of  somewhat  larger  intensity  than  the 
shocks  developed  by  this  machine.  The  Ports¬ 
mouth  machine  has  been  described  at  these 
meetings;  the  paper  was  published  in  Shock  and 
Vibration  Bulletin  No.  17. 

Dranetz,  Gulton  Mfg,  Corp. :  For  scaling  down, 
I  might  suggest  the  use  of  other  media  sur¬ 
rounding  the  actual  model  which  might  have  a 
completely  different  velocity  of  sound. 

Mead:  I  think  alcohol  drops  the  speed  of  sound 
down  to  about  2,500  ft  per  sec.  I  am  not  too 
sure  at  the  moment,  as  I  said,  whether  we  want 
to  scale  time  up  or  down.  If  we  wanted  to  go  up 
we  could  probably  get  mercury.  It’s  a  little 
impractical,  but  nevertheless  possible.  It  just 
does  not  seem  that  the  range  is  still  there  but 
would  fall  short. 

Mains,  KAPL,  General  Electric  Co.:  I  have  a 
question  for  Mr.  Mead  on  the  matter  of  the 
smoothness  of  the  shock  pulses  that  he  showed. 
What  was  the  frequency  response  of  your  pulse 
measuring  devices  as  opposed  to  the  frequency 
of  the  pulse?  If  there  had  been  hash  in  it,  would 
you  have  seen  it? 

Mead:  I  am  by  no  means  an  electronics  man. 
I  know  that  the  gauge  and  instrumentation  is 
sensitive  to  at  least  10,000  cycles.  It  would 
seem  from  a  theoretical  standpoint  that  there 
would  be  some  hash.  You  have  an  elastic  wave 
running  through  the  steel  piston  which  should 
produce  something  to  show  up  on  the  record. 
What  the  frequency  of  these  would  be  I  don't 
know.  I  haven't  actually  calculated  this  and  it 
has  bothered  me  a  bit.  I  don't  know  just  why  it 
hasn't  shown  up  on  the  record.  One  might  also 
expect  other  hash,  possibly  reflections,  off  the 
sides  of  the  system  or  off  our  gauge  mounts. 
I  just  feel  that  these  reflections  would  show  up 
’  on  the  record  if  they  existed  because  I  believe 
the  instrumentation  is  of  high  enough  frequency 
to  record  them.  But  we  have  not  seen  any  sign 
of  them. 

* 
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A  NEW  300-FOOT  UNIVERSAL  DROP  TOWER 


H.  E.  Westgate,  Sandia  Corp,,  Albuquerque,  N.  M. 


This  paper  describes  the  new  300-ft  universal  drop-test  tower  which 
is  now  being  installed  at  Sandia  Corporation.  The  tower  will  provide  a 
means  for  drop-testing  material's  and  instruments  at  high-impact 
levels  under  controlled  conditions.  The  problems  involved  in  develop¬ 
ing  the  various  mechanical  and  electrical  components  are  discussed. 


A  new  300-foot  drop  facility  is  currently 
under  construction  by  Sandia  Corporation  at 
their  outdoor  test  area  in  Albuquerque,  New 
Mexico.  This  paper  gives  a  general  discussion 
of  the  tower  installation,  including  a  brief  dis¬ 
cussion  of  some  of  the  design  considerations 
involved. 


BASIC  CRITERIA 


Work  is  currently  going  forward  on  an  instru¬ 
ment  recovery  program.  This  program  has  as 
its  goal  the  eventual  development  of  a  series  of 
drop-test  instruments  which  will  be  operable 
not  only  during  the  free-fall  phase  of  a  drop,  but 
also  during  the  actual  impact  phase  at  the  end 
of  the  drop.  Similar  studies  are  being  conducted 
by  most  of  the  major  aircraft  companies.  To 
determine  the  feasibility  of  Sandia  Corporation's 
specific  program,  a  series  of  high-velocity 
ground  drops  were  conducted  using  the  tem¬ 
porary  installation  shown  in  Figure  1.  This 
photograph  shows  the  100-ft  crane,  down-line, 
release  mechanism,  and  target.  The  pole  shown 
in  the  foreground  is  used  to  guide  the  necessary 
instrumentation  lines. 

The  new  300-ft  tower  was  requested  so  that 
the  range  of  these  tests  conducted  with  the 
crane  could  be  extended.  A  capability  of  up  to 
130  ft/sec  vector  velocity  with  horizontal  veloc¬ 
ity  components  of  up  to  60  ft/sec  was  requested 


Figure  1  -  Temporary  drop-test  installation 


as  the  basic  requirement  for  the  new  tower. 
The  130  ft/sec  requirement  dictated  a  tower 
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height  of  about  300  ft  since  300  ft  corresponds 
to  a  terminal  velocity  of  139  ft/sec.  The  request 
for  horizontal  velocity  components  dictated  use 
of  a  track  or  guide  to  bring  the  test  unit  down 
along  an  inclined  path.  To  avoid  extraneous 
instrument  indications,  it  was  necessary  that 
the  test  unit  be  falling  free  at  the  time  of  im¬ 
pact.  Test-unit  weights  of  up  to  3,500  lb  were 
specified. 

The  results  of  these  various  criteria  were 
combined  into  a  design  as  shown  in  Figure  2. 
In  this  view  the  moving  drops  are  conducted  by 
sliding  a  carriage  with  the  test  unit  attached 
down  the  45°  cable  shown  at  the  left  of  the  pic¬ 
ture.  At  the  proper  instant,  the  carriage 
releases  the  test  unit,  and  the  test  unit  con¬ 
tinues  downward  on  a  free  trajectory  into  the 
target  slab.  To  provide  structural  symmetry, 
the  same  cable  array  is  duplicated  on  the  right- 
hand  side  of  the  tower.  This  side,  however,  is 
not  equipped  for  running  drops  but  only  pro¬ 
vides  for  directly  vertical  drops  into  a  single 
square  target  slab.  By  utilizing  both  sides  of  the 
single  tower  in  this  manner,  near-simultaneous 
drops  can  be  made  on  the  two  sides  with  the 
moving  or  dynamic  drops  on  the  left,  and  the 


static  or  vertical  drops  on  the  right.  A  single 

set  of  operational  equipment  and  instrumentation 

will  suffice  for  the  two  setups.  It  is  this  provi¬ 
sion  for  both  dynamic  and  static  drops  which  has 
caused  the  installation  to  be  termed  "universal." 


TOWER- GENERAL 


The  tower  is  300  ft  high,  3  ft  square  in  cross 
section,  and  is  constructed  primarily  of  4  x  4  x 
5/16  steel  angles  with  suitable  2-1/2  x  2-1/2  x 
1/4  angle  bracing.  It  weighs  approximately  10 
tons.  Lateral  stability  is  provided  by  sixteen 
3/4- in  guy  cables  spaced  as  shown  in  the  figure. 
Each  cable  carries  a  6,000-lb  tensile  load  with 
a  safety  factor  of  2.5.  The  tower  is  capable  of 
withstanding  a  wind  greater  than  100  mph. 

Access  to  the  top  of  the  tower  is  by  means  of 
a  caged  ladder  which  spirals  around  the  tower 
with  safety  landings  every  30  ft.  The  tower  is 
surmounted  by  a  work  platform,  special  track 
cable  support,  two  hoisting  cable  sheaves,  and 
aircraft  warning  lights. 


Figure  2  -  The  new  300-ft  drop-tower  installation 
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The  total  area  covered  by  the  tower  and  its 
associated  cable  array  is  over  10,000  sq  yd. 


TRACK  CABLE 


The  main  or  track  cable  which  supports  and 
guides  the  carriage  and  drop-test  unit  down  the 
required  angular  path  is  a  single  continuous 
piece  of  smooth  surface,  1-1/2-in  steel  Lock- 
coil  cable  820  ft  long.  A  smooth  surfaced  cable 
is  used  to  reduce  initial  instrument  vibration 
and  to  reduce  carriage  friction.  The  cable  is 
preloaded  to  20  tons  and  has  a  breaking  strength 
of  93  tons.  The  relatively  high  preload  is  nec¬ 
essary  to  provide  semirigid  cable  behavior 
during  operation. 

The  saddle  at  the  top  of  the  tower  which  sup¬ 
ports  the  track  cable  is  roller-lined  to  permit 
some  relative  motion  between  the  track  cable 
and  the  tower  and  to  give  the  necessary  cable 
bending  radius  without  the  bulk  and  weight  of  a 
12-  to  14-ft  pulley. 


HOISTING  CABLE 


To  hoist  the  test  units  up  to  the  proper  drop 
height,  special  permanent  hoisting  equipment 
had  to  be  provided.  A  continuous-loop  system 
was  devised,  consisting  of  1,600  ft  of  9/16-in 
steel  cable  located  15  in  above  the  main  track 
cable  on  both  sides  of  the  tower.  The  cable 
return  between  the  two  track  ends  is  under¬ 
ground.  The  underground  portion  is  supported 
on  suitable  support  sheaves  and  is  protected  by 
a  ceramic  conduit.  Us^  of  the  continuous-loop 
system  precludes  asymmetrical  hoisting  cable 
loads  on  the  tower  and  eliminates  the  need  for 
more  than  one  set  of  hoisting  drive  units. 


TARGETS 


Two  separate  targets  are  provided  for  the 
two  drop  sides.  Directly  under  the  track  cable 
on  the  static  drop  side  is  a  single  concrete  pad 
12  ft  square  and  2  ft  thick.  This  is  the  target 
for  vertical  drop  testing.  On  the  dynamic  drop 
side  is  a  full-length  concrete  target  260  ft  long, 
12  ft  wide,  and  2  ft  thick.  Both  targets  are 
thoroughly  reinforced  with  steel  rods  near  both 
the  upper  and  lower  surfaces  of  the  concrete. 


Four  "portable"  steel  plates  each  about  6  ft  long, 
12  ft  wide,  and  6  in  thick  are  provided  to  protect 
the  surface  of  the  concrete  at  the  predicted 
points  of  impact.  This  protection  is  necessary 
since  the  maximum  impacts  expected  involve 
over  one  million  ft- lb  oi  energy.  It  is  hoped  that 
the  plates  will  distribute  the  load  sufficiently  to 
prevent  surface  cracking  and  spalling  of  the  con¬ 
crete.  The  targets  have  been  poured  in  sections 
so  that  it  is  possible  to  replace  them  if  the  sur¬ 
face  protection  proves  to  be  inadequate. 

The  small  target  weighs  22  tons;  the  larger 
one,  468  tons.  The  steel  facing  plates  weigh  an 
additional  35  tons,  thus  making  a  total  target 
weight  of  525  tons.  The  total  weight  of  concrete 
required  for  the  project  is  800  tons. 


STATIC-DROP  SIDE 


The  equipment  at  the  static-drop  side  anchor 
point  is  shown  in  Figure  3.  In  this  photograph, 
the  track  cable  is  shown  coming  down  from  the 
upper  right  and  terminating  at  the  block  and 
tackle.  The  block  and  tackle  and  its  hand  winch 
are  in  turn  attached  to  the  main  counterweight 
arm.*  This  4-ton  counterweight  and  lever  arm 
maintain  the  necessary  40, 000- lb  track  cable 
tension,  compensate  for  changes  in  cable  length 
due  to  cable  "snap"  at  the  instant  of  drop,  and 
correct  for  thermal  expansion  of  the  tower  and 
cable  system  as  the  ambient  temperature 
changes  through  the  usual  24-hour  cycle.  The 
block  and  tackle  and  hand-winch  combination 
compensates  for  progressive  cable  stretch  or 
creep  and  for  wide-range  thermal-expansion 
changes  such  as  are  experienced  between  winter 
and  summer.  The  main  counterweight  is  limited 
in  travel  to  a  practical  amount  by  the  use  of  a 
stop-frame  with  rubber  snubbers.  Undesirable 
counterweight  oscillation  caused  by  either  drop 
action  or  wind  resonance  is  eliminated  by  an 
aircraft-type  shock  absorber  attached  to  the 
counterweight  arm. 

The  hoisting  cable  in  this  photograph  also 
comes  down  from  the  upper  right  and  is  seen 
just  above  the  track  cable.  At  its  low'er 
end  it  is  turned  to  one  side  to  avoid  the  main 
counterweight.  It  then  makes  two  complete 


*The  counterweight  shown  in  this  photograph 
has  been  broken  and  moved  over  to  permit 
visual  inspection  of  the  motor  installation  at 
the  rear.  The  counterweight  on  the  actual  in¬ 
stallation  is  intact,  of  course. 
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300  FOOT  DROP  TOWER  INSTALLATION 


Figure  3  -  Detail  of  the  static -drop  side 


passes  around  the  hoisting  sheaves  to  obtain  the 
necessary  hoisting  traction,  passes  through  the 
hoisting  cable  counterweight  tower,  and  then 
goes  underground.  As  previously  stated,  it 
travels  underground  to  the  far  end  of  the  dynamic- 
drop  side,  up  the  dynamic-drop  side,  over  the 
top  of  the  tower,  and  back  down  the  static-drop 
side,  thus  making  a  complete  circuit.  The 
hauling  cable  counterweight  maintains  a  5,700- 
lb  tension,  thus  effectively  preventing  tangling 
between  the  two  adjacent  operational  cables. 

The  hoisting  gear  consists  of  two  duplicate 
3-hp  units,  each  consisting  of  a  motor,  speed 
reducer,  drive  sheave,  and  solenoid  brake.  A 
revolution-counting  switch  protects  the  hoisting 
array  from  excessive  overtravel  in  either  direc¬ 
tion.  Hoisting- motor  control  is  accomplished 
by  means  of  a  plug-in  control  unit  with  plug-in 
points  at  the  base  of  the  tower  and  at  the  track 
cable  ends.  A  hoisting  speed  of  50  ft/min  pro¬ 
vides  a  compromise  between  speed  and  safety 
and  permits  a  round  trip  up  the  tower  and  back 
in  about  12  min. 

The  static  drop  carriage,  shown  in  place  on 
the  track  cable,  is  a  5-ft  long  aluminum  channel. 


assembly  arranged  to  slide  on  the  track  cable. 
It  is  attached  securely  to  the  hoisting  cable. 
Mounted  horizontally  on  the  underside  of  the 
carriage  is  a  standard  twin-lug  aircraft  bomb 
rack.  A  down- line  and  antitwisting  cable  are 
provided  for  use  in  drops  at  less  than  maximum 
height.  An  explosive  device  on  the  lower  end  of 
the  down-line  provides  a  release  mechanism 
for  these  short  drops. 


MOVING  DROP  SIDE 


The  moving  or  dynamic  drop  side  anchor 
assembly  (Figure  4)  is  a  much  simpler  installa¬ 
tion,  and  for  good  reason.  On  this  side,  test 
units  will  ricochet  off  the  target,  in  line  with 
the  anchor  point,  and  hence  no  hoisting  or  similar 
equipment  can  be  installed  here.  The  only  two 
pieces  of  equipment  at  the  anchor  point  are  the 
carriage-arresting  gear  or  bumper  and  the  bar¬ 
ricade.  In  normal  carriage  operation,  some 
moderate  impacts  at  the  lower  end  will  occur. 
In  the  case  of  accident  or  long  free- runs,  seri¬ 
ous  impacts  will  occur. 
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Figure  4  -  Detail  of  the  moving-drop  side 


To  minimize  the  effects  of  either  type  of 
impact  on  the  carriage,  a  giant  rubber  bumper 
has  been  devised.  It  has  an  effective  length  of 
15  ft.  The  bumper  consists  of  10-1/2  ft  of  quite 
hard,  60  Durometer  rubber.  The  rubber  is 
topped  by  2  ft  of  high-hysteresis  foam  plastic, 
2  ft  of  somewhat  softer  40  Durometer  rubber, 
and  a  final  cap  of  6  in  of  industrial  sponge  rub¬ 
ber.  The  sponge  and  the  40  Durometer  rubber 
absorb  the  initial- impact  load.  The  60  Durom¬ 
eter  rubber  carries  the  major  portion  of  the 
load  on  the  bumper.  The  foam  plastic  adds  the 
necessary  damping  to  the  system. 

All  of  the  rubber  materials  are  used  in  the 
form  of  disks  10  in  in  diameter  and  1  in  thick. 
The  disks  are  slit  radially  to  permit  attach¬ 
ment  to  the  track  cable.  Slits  in  adjacent  disks 
are  staggered  120°  to  preclude  the  erratic 
operation  which  would  result  if  they  were  aligned. 
To  prevent  failure  due  to  progressive  maldis¬ 
tribution  of  the  load,  light  but  stiff  oversize 
aluminum  disks  are  interspersed  in  the  bumper 
with  approximately  one  to  every  8  to  10  in  of 
bumper  length. 

The  barricade  appearing  in  this  figure  is 
also  an  emergency  item.  It  is  provided  to  pro¬ 
tect  the  track  cable  anchor  point  from  possible 
test  unit  impact.  It  is  a  rugged  concrete  and 
steel  pylon  mounted  on  an  oversize  foundation. 
The  face  is  surfaced  with  heavy  railroad  rails 


laid  side  by  side  and  welded  together.  The  rails 
serve  to  deflect  the  stray  test  units,  and  the 
mass  of  the  combination,  over  108  tons,  serves 
to  absorb  any  direct  impacts. 


MOVING  DROP  CARRIAGE 

Design  of  the  carriage  or  cable  car  for  the 
moving-drop  side  was  an  especially  interesting 
problem.  It  was  required  that  the  cable  car  be 
capable  of  sliding  down  the  track  cable  with  a 
minimum  of  friction,  that  it  be  long  enough  not 
to  pitch  as  a  result  of  cable  oscillations,  that  it 
be  strong  enough  to  easily  sling  a  3,500-lb  test 
unit  on  its  underside,  that  it  be  rugged  enough 
to  withstand  impacts  of  100  to  200  g,  and  that  it 
be  light  enough  so  that  an  economically  feasible 
arresting  gear  could  hold  it  at  the  100-  to  200-g 
limit.  It  was  desirable  that  the  carriage  itself 
have  automatically  engaging  cable  brakes  to  aid 
in  the  arresting  action.  In  addition,  the  carriage 
release  unit  for  carrying  and  dropping  the  test 
unit  had  to  be  fast-acting,  positive,  rugged  and/or 
replaceable,  and  if  possible  a  secondary  or  back¬ 
up  drop  unit  release  action  was  to  be  provided. 

To  keep  the  terminal  impact  down,  a  500-lb 
maximum-weight  limit  was  set  on  the  proposed 
carriage.  As  a  result  of  preliminary  model 
tests,  a  carriage  length  of  10  ft  was  selected  as 
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being  as  short  as  permissible  if  adverse  pitching 
were  to  be  avoided.  To  assure  strength  and 
longitudinal  stiffness,  the  carriage  was  con¬ 
structed  from  two  8-in  aluminum  channels 
spaced  3  in  back  to  back  with  the  main-track 
cable  passing  between  the  two. 

Wheels  to  permit  motion  along  the  cable 
were  first  considered  as  the  most  logical  means 
for  minimizing  friction,  but  they  were  abandoned 
when  rough  calculations  showed  that  wheels  of 
the  required  minimum  size  and  weight  would 
have  to  achieve  5,000  rpm  in  less  than  4  sec. 
Slides  or  slippers  were  therefore  used.  These 
are  made  of  bronze  and  are  constructed  so  as 
to  be  readily  replaceable.  A  hexagonal  shoe 
groove  is  used  to  provide  clearance. 

Design  of  the  brakes  was  also  a  problem. 
The  entire  braking  unit  could  not  weigh  more 
than  150  lb,  and  there  could  be  no  trailing 
cables  or  hoses.  A  hydropneumatic  accumulator 
was  finally  selected  to  power  the  brakes,  and  by 
using  pressures  of  from  2,500  to  3,000  psi  it 
was  possible  to  keep  the  size  and  weight  of  the 
braking  system  within  reasonable  limits.  The 
final  design  employs  a  1-pint  accumulator.  A 
single  brake  shoe  is  used  in  conjunction  with 
the  regular  rear  shoe  to  provide  the  necessary 
braking  action.  A  small  hydraulic  ram  powers 
the  brake  shoe. 

The  brakes  are  energized  by  either  the 
release  of  the  drop  unit,  that  is,  on  pull-out,  or, 
as  a  secondary  measure,  whenever  a  clip-like 
device  intentionally  placed  on  the  secondary 
cable  is  struck  by  a  mating  fork  provided  on 
the  top  of  the  carriage.  In  this  way,  the  brakes 
normally  engage  just  after  the  test  unit  is 
released  or,  if  release  does  not  occur  properly, 
the  emergency  clip  will  trip  the  brakes.  The 
clip  is  a  frangible  steel  disk  which  is  spring- 
loaded  at  its  outer  edge.  It  is  about  neutrally 
stable  so  that  any  impact  with  the  brake-actuating 
fork  causes  it  to  disintegrate  mechanically  and 
thus  avoid  impact  with  the  carriage  pulley. 

A  bleed-down  orifice  is  provided  in  the 
hydraulic  system  to  cause  the  brakes  to  release 
automatically  after  a  predetermined  period, 
about  2  min  in  most  instances.  This  allows  the 
carriage  to  comedown  the  cable  after  the  brak¬ 
ing  action  has  been  completed. 

The  moving-drop  carriage  has  two  separate 
units  for  supporting  the  drop  unit.  One  is  a 
conventional  twin-lug,  30-inch  bomb  rack  which 
is  used  for  small  drop  units  and  large  drop 
units  at  normal  attitude.  The  other  consists  of 
special  cable  attachments  at  the  front  and  rear 
of  the  carriage.  These  attachments  contain 
explosive-powered,  electrically  triggered  cable 


cutters  which,  when  required,  simultaneously 
cut  the  front-  and  rear-drop  unit  attachment 
cables.  Both  types  of  drop-unit  release  have 
backup  release  systems  to  assure  positive  drop 
action. 

To  hoist  the  carriage  up  the  track  into  posi¬ 
tion  for  release,  the  carriage  is  attached  to  the 
hoisting  cable  rider  by  means  of  a  light-cable 
loop.  The  cable  rider  also  has  an  explosive 
cable  cutter  which  at  the  desired  moment  cuts 
the  cable  loop  and  allows  the  carriage  to  start 
its  trip  down  the  cable. 

The  test  unit  release  point  is  determined  by 
an  electronic  timer.  Initial  motion  of  the  car¬ 
riage  breaks  a  circuit  which  starts  the  timer. 
The  timer  runs  for  a  preset  interval  and  then 
turns  on  the  power  to  release  the  drop  unit.  By 
varying  the  initial  location  of  the  carriage  and 
the  interval  setting  on  the  timer,  a  wide  range 
of  vertical  and  horizontal  velocity  combinations 
are  available. 


PRELIMINARY  STUDIES 


Before  the  tower  installation  was  designed, 
mathematical  studies  of  the  catenary  envelop 
were  made.  Mathematical  studies  of  the  dynamic 
cable  behavior  were  also  attempted;  however, 
the  complexity  of  the  mathematics  encountered 
here  dictated  a  series  of  similitude  tests. 

For  these  tests,  a  1/26  scale  model  was  used 
(Figure  5).  All  sizes,  weights,  and  accelerations 


Figure  5  -  Similitude  model  of  the  moving -drop 
side  cable  installation 
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were  properly  scaled,  and  photographic 
studies  of  the  cable  operation  were  made.  As  a 
result  of  the  scaling  laws  involved,  the  model 
cable  oscillated  5.1  times  as  fast  as  the  full- 
scale  cable.  The  movies  were  therefore  shot  at 
5.1  times  the  normal  speed.  Then  by  projecting 
the  model  movies  at  normal  speed,  the  dynamic 
behavior  of  the  full-size  cable  could  be  witnessed. 
From  these  model  tests  if  was  possible  to 
determine  the  carriage  length,  to  validate  the 
cable  tension,  and  locate  the  position  of  the 
haul  cable. 


Figure  6  -  Detail  of  the  model-drop  carriage 


Close-up  movies  were  taken  to  establish 
cable  oscillation  amplitude  and  possible  test 
unit  pitch  at  the  instant  of  release  (Figure  6). 
Maximum  cable  amplitude  was  established  as 
7  ft  measured  normal  to  the  cable.  The  movies 
also  confirmed  the  direction  of  the  force  field. 
Before  a  drop,  the  force  field  is  vertical.  As 
soon  as  dynamic  stability  is  established,  after 
the  carriage  has  been  released  but  before  the 
test  unit  is  dropped,  the  effective  force  field 
has  shifted  to  a  direction  normal  to  the  cable. 
Thus  the  bomb  racks  on  the  moving  carriage 
had  to  be  installed  parallel  to  the  carriage  axis  to 
assure  proper  separation  at  the  time  of  release. 


CONCLUSION 


The  tower  facility  is  scheduled  for  comple¬ 
tion  by  April  15,  1956.  Initial  operation  of  the 
facility  will  establish  whether  the  various  engi¬ 
neering  compromises  incorporated  in  the  design 
are  correct.  Since  design  and  construction  of 
the  tower  has  been  on  a  crash  basis  in  a  field 
where  little  previous  engineering  data  were 
available,  it  is  probable  that  some  design 
changes  will  be  necessary.  However,  based  on 
calculations  and  model  tests,  it  is  expected  that 
the  general  performance  of  the  installation  will  be 
more  than  adequate. 


DISCUSSION 


Stooksberry,  Case  Institute  of  Technology:  I 
am  wondering  what  angle  of  impact  it  has 
been  designed  for?  Apparently  this  is  not  a 
variable. 

Westgate:  Yes,  it  is  a  variable.  We  designed 
it  so  that  the  whole  installation  will  be  capable 
of  dropping  the  units  to  land  in  the  exact  attitude 
in  which  they  are  released.  The  units  are 
located  as  shown  in  the  model  and  they  can  be 
swung  through  45  degrees  to  bring  them  to 
vertical  and  a  further  15  degrees  from  that.  As 
a  result  we  have  a  total  of  60  degrees  of  varia¬ 
tion  in  possible  attitude.  We  hope  that  by  the 


care  exercised  in  the  release  mechanism  we 
shall  avoid  tumbling  of  the  item  on  release. 

Sowel,  Hollowman  Air  Development  Center: 
There  was  no  mention  of  maximum  g  expected 
from  this  test  machine? 

Westgate;  Ithinkthe  maximum  g  is  a  completely 
open  deal.  We  hear  discussions  in  terms  of 
several  thousands,  but  are  going  to  wait  and  see 
what  we  get.  We  have  a  velocity  of  130  ft/sec. 
Your  guess  would  probably  be  as  good  as  mine. 

Sowell:  I'd  guess  1,000  or  more— 2,000  is  prob¬ 
ably  right. 

* 
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THE  HYGE  ACTUATOR  IN  SHOCK  TESTING 


J.  B,  Ottestad,  General  Dynamics  Corp.  (Convair) 


The  paper  describes  a  new  type  of  gas -energized,  hydraulically  con¬ 
trolled,  accelerating  device.  Stored  energy  in  the  form  of  compressed 
air  is  released  instantaneously,  and  the  waveform  is  then  controlled  by 
means  of  hydraulic  flowthrough  an  orifice  controlled  by  a  metering  pin. 


INTRODUCTION 


With  the  new  developments  that  are  being 
made  in  aircraft,  missiles,  combat  ships  and 
other  ordnance  the  problem  of  shock  is  multi¬ 
plying.  Not  only  are  the  numbers,  types  and 
masses  of  the  components  increasing  but  also 
the  very  nature  of  the  shock  is  expanding  to 
cover  wide  ranges  of  peak-acceleration  level 
and  waveform. 

In  view  of  this  expanding  problem  it  is  no 
longer  practical  to  limit  shock  tests  to  final 
maximum  environmental  conditions  as  applied 
to  full  assemblies.  In  addition,  testing  of  com¬ 
ponents  for  the  full-shock  spectrum  leading  to 
the  maximum  conditions  must  be  conducted  in 
order  to  determine  the  shock-resistance  ability 
of  the  component. 

To  meet  these  conditions  a  new  type  of  shock¬ 
testing  device  had  to  be  developed.  A  device 
that  would  not  only  be  capable  of  meeting  the 
wide  range  of  conditions  required,  but  also  be 
practical  from  the  standpoint  of  size  and  cost 
so  that  the  small  manufacturer  could  conduct 
component  evaluation  for  shock  conditions  while 
that  component  was  still  in  the  developmental 
stages. 


BASIC  PRINCIPLE  OF  HYGE 


has  recently  developed  a  new  high- thrust  device 
for  shock  testing.  Designated  the  "HYGE  Actu¬ 
ator"  (pronounced  Hi-gee)  this  device  imparts 
high,  accurately  controllable  thrust  to  a  test 
specimen  by  means  of  the  instantaneous  release 
of  stored  energy  in  the  form  of  compressed  gas. 

The  two  basic  problems  in  this  type  of  unit 
have  been  solved.  The  first  is  the  development 
of  a  simple,  reliable,  and  predictable  method  of 
instantaneously  releasing  the  compressed  gas. 
The  second  is  the  development  of  a  means  of 
controlling  the  ensuing  high  rate  of  expansion 
of  the  gas  in  a  manner  that  allows  the  developed 
thrust  to  be  readily  and  accurately  controlled. 


RELEASE  PRINCIPLE 


The  HYGE  accomplishes  rapid  activation  by 
a  pressure-thrust  amplifying  principle.  The 
thrust  developed  by  a  high  pressure  acting  over 
a  small  area  must  overbalance  the  thrust  of  a 
low  pressure  acting  over  a  large  area.  When 
this  occurs  the  high  pressure  is  allowed  to 
react  also  over  a  large  area,  giving  a  great 
unbalance  thrust.  This  principle  can  be  more 
clearly  shown  in  reference  to  Figure  1. 

The  HYGE  is  basically  a  cylinder  separated 
into  two  chambers  (noted  as  "A"  and  "B")  by 
means  of  an  orifice  plate. 


As  a  direct  result  of  a  program  aimed  at  the 
solution  of  the  shock  simulating  problem  Convair 
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Riding  in  chamber  "A”  is  a  piston  connected 
to  a  column  which  in  turn  reacts  against  the 


Figure  1 


test  specimen.  On  the  under  face  of  the  piston 
is  mounted  a  seal  ring. 

When  chamber  "A"  is  pressurized  to  some 
low  value  (Px)  there  is  developed  a  resulting 
downward  thrust  on  the  piston  equal  to  Px  times 
the  top  area  of  the  piston  (Ax).  This  thrust 
forces  the  piston  against  the  orifice  plate  allow¬ 
ing  the  seal  ring  to  make  tight  contact  around 
the  periphery  of  the  orifice.  Thus  the  under¬ 
face  of  the  piston,  with  the  exception  of  the  small 
area  inside  of  the  seal,  is  isolated  from  cham¬ 
ber  "B." 


It  can  be  noted  that  by  the  very  nature  of  this 
simple  principle  there  is  assured  absolute  re¬ 
peatability  in  the  developed  thrust. 


ACCELERATION  CONTROL 


While  the  foregoing  discussion  of  the  HYGE 
operating  principle  indicates  the  triggering 
technique  to  achieve  instantaneous  release  of 
the  compressed  gas  it  is  necessary  to  add  con¬ 
trol  so  that  any  given  acceleration-time  pattern 
that  falls  within  the  available  energy  potential 
can  be  produced.  This  control  is  accomplished 
by  means  of  hydraulic  fluid,  that  must  pass 
through  the  orifice.  By  regulating  the  flow  area 
for  the  fluid,  predetermined  pressure  drop  can 
be  developed,  thus  controlling  the  net  pressure 
that  reacts  against  the  piston  after  activation. 
This  principle  is  shown  in  reference  to  Figure  2. 


Figure  2 


Chamber  "B"  can  now  be  pressurized.  To 
obtain  a  balanced  thrust  condition  the  value  of 
this  pressure  P2  is  very  high  in  comparison  to 
Px.  P2  is  allowed  to  react  on  the  piston  only 
over  the  small  area  inside  of  the  seal  ring. 

As  P2  increases  above  this  balance  pres¬ 
sure,  a  slight  unbalanced  upward  thrust  is  devel¬ 
oped.  The  piston  responds  to  this  force  and 
starts  to  move  away  from  the  orifice  plate. 
After  the  piston  moves  a  very  short  distance, 
however,  the  seal  loses  contact  with  the  orifice. 
Immediately,  the  high  pressure  P2  reacts,  not 
only  on  the  small  area  inside  of  the  seal  ring, 
but  rather  on  the  entire  underface  of  the  piston 
developing  a  great  unbalanced  thrust  against  the 
test  specimen  as  the  piston  is  forced  away  from 
the  orifice  plate. 


A  free-sliding  piston  is  inserted  into  cham¬ 
ber  "B"  dividing  it  into  two  chambers  (noted  as 
Bx  and  B2).  To  the  thrust  piston  is  attached  a 
contoured  plug  (metering  pin)  that  projects 
through  the  orifice.  Chamber  Bx  is  filled  with 
hydraulic  fluid  while  chamber  B2  is  free  to  be 
pressured  with  gas. 

The  overbalancing  triggering  technique  in 
this  situation  is  the  same  as  previously  de¬ 
scribed.  However,  upon  activation,  the  hydraulic 
fluid  must  flow  through  net  orifice  area  in  order 
to  react  against  the  piston.  This  net  orifice 
area  is  a  function  of  the  gross  orifice  area 
minus  the  area  of  the  metering  pin.  Thus  the 
metering  pin  contour  dictates  the  exact  pressure 
drop'  experienced  by  the  fluid  as  the  piston  is 
forced  away  from  the  orifice  plate. 
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This  means  of  control  is  highly  accurate  and 
reproducible.  It  also  allows  wide  variation  in 
the  acceleration  wave  form  produced  by  the 
HYGE  unit  by  simply  changing  the  metering  pin. 


DECELERATION  CONTROL 


metering  pin.  This  creates  a  back  pressure 
against  the  top  face  of  the  piston  providing  the 
required  stopping  force. 

By  changing  the  metering  pin  it  is  thus  pos¬ 
sible  to  produce  a  wide  variety  of  deceleration 
pulses. 


In  many  cases  a  shock  specification  requires 
a  two-phase  pattern.  This  pattern  would  con¬ 
sist  of  a  controlled  acceleration  of  high  magni¬ 
tude  followed  by  a  controlled  deceleration  of 
high  magnitude.  The  acceleration  phase  has 
been  described;  the  deceleration  phase,  how¬ 
ever,  presents  a  new  problem. 

At  the  conclusion  of  the  acceleration  phase 
the  thrust  piston,  column,  and  test  specimen 
have  reached  a  maximum  velocity.  The  decel¬ 
eration  phase,  therefore,  is  simply  supplying  a 
regulated  stopping  force.  Once  again  the  use  of 
hydraulic  fluid  being  forced  through  a  regulated 
area  provides  the  solution.  Figure  3  shows  the 
general  configuration  of  the  deceleration  phase 
control  elements. 

Chamber  "A"  is  divided  into  two  chambers 
(noted  as  Al  and  A2)  by  a  second  orifice  plate. 
A  contoured  plug  (metering  pin)  is  attached  to 
the  top  of  the  piston.  Chamber  A2  is  partially 
filled  with  hydraulic  fluid  as  shown  in  Figure  3. 


After  the  unit  has  triggered,  and  at  the  con¬ 
clusion  of  the  acceleration  phase,  the  piston 
has  moved  upward  to  a  position  that  starts  to 
force  the  fluid  in  chamber  A2  through  the  decel¬ 
eration  orifice.  As  the  fluid  moves  through  the 
orifice  the  net  flow  area  is  reduced  by  the 
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OPERATIONAL  ENVELOPE 


In  establishing  the  actual  physical  output  of 
a  device  embodying  the  above  principles  it  can 
be  noted  that  the  piston  assembly  is  under  the 
action  of  basically  two  opposed  forces.  These 
forces  are  produced  by  the  load  gas  pressure 
reacting  against  the  bottom  of  the  piston  and 
the  set  gas  pressure  acting  against  the  top  of 
the  piston.  At  the  instant  of  activation  the  bot¬ 
tom  pressure  is  many  times  as  great  as  the  top 
pressure.  With  the  reaction  areas  approximately 
equal  the  upward  thrust  developed  greatly  ex¬ 
ceeds  the  back  thrust.  However,  as  the  piston 
is  displaced  under  the  unbalanced  force  thus 
produced,  the  lower  gas  is  expanded  causing  a 
pressure  drop  and  the  upper  gas  is  compressed 
causing  a  pressure  rise.  The  degree  of  this 
change  is  dependent  on  the  physical  configura¬ 
tion  of  the  given  unit  involving  the  initial  gas 
volumes,  pressures,  and  stroke  of  the  piston. 

A  plot  of  the  summation  of  produced  forces 
versus  displacement  is  called  the  operational 
envelope.  This  is  actually  the  maximum  poten¬ 
tial  thrust  of  a  given  HYGE  at  each  position  in 
its  stroke.  An  example  of  an  operational  enve¬ 
lope  for  a  3-in  diameter  HYGE  Actuator  with  a 
load  stroke  of  7  in  and  a  2,000  psi  load  pressure 
is  shown  in  Figure  4. 

Any  acceleration-time  pattern  as  applied  to  a 
given  speci’men  mass  can  be  replotted  as  thrust 
versus  displacement.  By  comparing  this  re¬ 
quired  curve  against  the  operational  envelope, 


Figure  3 


Figure  4 


145 


the  excess  thrust  to  be  controlled  by  the  accel¬ 
eration  orifice  and  metering  pin  becomes 
apparent. 


THE  HYGE  CONFIGURATION 


In  the  development  of  the  HYGE  Actuator 
several  units  were  constructed.  One  of  these, 
called  the  3-in  Standard,  is  shown  in  Figure  5 
with  the  sectional  view  shown  in  Figure  6. 

The  physical  specifications  of  this  unit  are: 

Internal  bore  -  3  in. 

Maximum  piston  stroke  -  7  in. 

Rated  operating  pressure  -  2,000  psi. 

Rated  output  thrust  -  10,000  lb. 

Overall  length  -  46  in. 

Gross  weight  -  approximately  200  lb. 


USES  OF  THE  HYGE 


During  the  evaluation  of  the  HYGE  units  a 
variety  of  possibilities  were  discovered  that  in¬ 
creased  their  already  wide  potential  versatility. 


High  Acceleration-High  Deceleration 

For  shock  conditions  involving  high-level 
acceleration  followed  by  high-level  decelera¬ 
tion,  the  HYGE  was  mounted  vertically  with  the 
test  specimen  secured  to  the  thrust  column. 

The  actuator  itself  was  attached  to  a  sturdy 
foundation  that  could  withstand  both  tension  and 
compression  forces.  Power  for  the  unit  was 
furnished  by  a  standard  2,200-psi  nitrogen  tank. 
Pressure  control  was  maintained  by  a  simple 
control  panel  with  gauges  to  check  the  top  and 
bottom  pressures. 


High  Acceleration- Low  Deceleration 

For  shock  conditions  that  required  a  high- 
level  acceleration  followed  by  a  very  low-level 
deceleration,  it  was  found  that  the  HYGE  could 
be  operated  either  vertically  or  horizontally  as 
shown  in  Figures  7  and  8.  In  this  operation  the 
test  specimen  was  mounted  in  a  light  carriage 
that  slid  along  a  simple  rail  system.  At  the 
conclusion  of  the  acceleration  phase  produced 
by  the  actuator,  the  carriage  and  specimen 
parted  from  the  thrust  column.  Deceleration  of 
the  carriage  was  accomplished  by  gravity  in 
the  vertical  installation  and  by  friction  in  the 
horizontal  installation. 


Impact  Shock 

Certain  shock  specifications  require  an 
impact-type  loading  that  will  produce  very  high 
accelerations  (2,000  to  5,000  g)  of  only  momen¬ 
tary  duration. 

In  attempting  to  simulate  these  conditions 
the  HYGE  was  fitted  with  an  impact  head  or 
anvil  of  a  given  weight  (20-200  lb).  This  was 
attached  directly  to  the  thrust  column.  The 
test  specimen  was  suspended  a  few  inches 
above  this  head.  Triggering  the  HYGE  accel¬ 
erated  the  anvil  such  that  upon  contact  with  the 
specimen  the  head  had  a  velocity  approaching 
800  in  per  sec.  Thus  impact  shocks  were  pro¬ 
duced  with  a  limited  degree  of  control  (Fig¬ 
ure  9). 


Figure  5 
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HYGE  TEST  RESULTS 


Multiple  Units 

With  a  rated  thrust  of  10,000  lb  the  single 
3-in  HYGE  was  limited  to  those  shock  condi¬ 
tions  that  fell  within  this  capacity.  It  has  been 
shown,  however,  that  two  or  more  units  can  be 
operated  simultaneously  against  a  common  table. 


In  view  of  the  operating  principle  of  the 
HYGE  Actuator,  it  is  obvious  that  there  are  an 
infinite  number  of  possible  waveforms,  accel¬ 
eration  levels,  specimen  weights,  and  shock 
durations  obtainable  in  one  unit. 
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Figure  7 


Repeatability  -  The  repeatability  or  ability  to 
reproduce  a  waveform  is  within  1  percent. 

Peak  Acceleration  -  The  maximum  acceleration 
obtainable  on  a  pure  thrust  condition  has  not 
been  determined  due  to  inadequate  instrumen¬ 
tation.  The  maximum  recorded  has  been 
approximately  300  g. 

Versatility  -  This  is  difficult  to  define.  How¬ 
ever,  the  following  notes  were  made: 

(1)  The  development  of  different  waveforms 
can  be  readily  achieved  by  changing  only 
the  metering  pin. 

(2)  With  a  given  metering  pin  a  wide  range 
of  curves  can  be  developed  with  the 
same  basic  waveform  and  differing  peak 


Figure  8 


Figure  9 


The  evaluation  of  the  3-in  unit  concentrated 
on  three  basic  waveforms:  the  l/2-sine  pulse, 
the  square  pulse  and  the  1/4-cosine  pulse.  The 
basic  peak  acceleration  levels  were  investigated 
(40-100  g)  as  applied  to  specimen  weights  of 
40  lb  and  80  lb.  As  a  result  of  this  evaluation 
certain  basic  characteristics  can  be  noted. 

Build-up  Rate  -  The  rate  of  build-up  from  zero 
to  peak  acceleration  on  the  1/4-cosine  pulse 
and  the  square  pulse  reached  200,000  g  per 
second.  On  a  100-g  shock  pulse  the  build-up 
time  is  something  less  than  1  millisecond. 


accelerations  by  simply  changing  the 
gas  pressures. 

Testing  Rate  -  In  instances  involving  little 
change  to  the  specimen  the  rate  of  testing 
has  been  100  shocks  per  hour. 


REVIEW 


Finally,  several  points  warrant  particular 

note: 

Exact  Operational  Evaluation  -  The  ’basic  prin¬ 
ciples  of  the  HYGE  lend  themselves  to 
almost  an  infinite  number  of  possible  con¬ 
ditions,  therefore  it  was  not  feasible  to  check 
them  all.  Three  basic  waveforms  have  been 
evaluated.  These  are  the  1/2-sine  pulse,  the 
square  pulse,  and  1/4-cosine  pulse.  This 
evaluation  has  been  limited  to  one  or  two 
assumed  values  of  acceleration  on  three  or 
four  different  specimen  masses.  However, 
this  test  work  has  demonstrated  that  certain 
basic  and  simple  procedures  can  be  followed 
to  develop  any  new  condition  required  of  the 
HYGE  Actuator. 
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Other  Units  Sizes  -  The  discussion  has  cen¬ 
tered  on  the  3-in  HYGE  Actuator  because 
analysis  of  existing  shock  specifications  for 
Convair  indicated  that  this  unit,  with  a 
10,000-lb  output  thrust,  would  meet  most  of 
the  requirements.  However,  there  are  no 
foreseeable  size  limitations  of  the  HYGE 
Actuator  other  than  economics.  For  example, 
a  16-in  unit,  200-in  long  has  been  designed 

* 


and  is  under  construction.  This  HYGE 
Actuator  will  have  a  rated  output  thrust  of 
300,000  lb  and  a  maximum  stroke  of  60  in. 

While  the  HYGE  Actuator  is  not,  in  its  present 
form,  the  general  and  complete  device  for  all 
shock-testing  problems,  it  does  present  an  inex¬ 
pensive  unit  for  providing  controlled  shock 
over  a  wide  range  of  conditions. 

♦ 
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PNEUMATIC-HYDRAULIC  IMPACTORS  FOR 
PRODUCING  CONTROLLED  ACCELERATIONS 


S.  P.  Sanders,  Bendix  Aviation  Corp.  Missile  Facility,  Mishawaka,  Ill. 


This  paper  describes  the  design,  operation  and  performance  of  the 
pneumatic  impactors  used  to  simulate  the  boost  phase  of  the  flight  of 
the  Talos  missile.  The  simulation  covers  the  high  acceleration  at  the 
start  of  the  boost  phase  and  the  moderate  deceleration  between  the 
booster  burn-out  and  the  missile's  combustor  ignition. 


During  the  early  stages  of  the  Talos  Missile 
program,  it  was  decided  that  an  impactor  would 
be  required  to  simulate  the  boost  phase  of  the 
missile's  flight.  A  study  was  made  of  the  vari¬ 
ous  impactors  then  available.  There  wasn't  a 
great  deal  of  information  on  the  subject  but  the 
concensus  seemed  to  favor  the  drop-test  type 
of  impactor. 

The  general  scheme  was  to  accelerate  the 
specimen  to  the  required  velocity  by  means  of 
a  free  fall  and  then  decelerate  the  specimen 
with  some  energy  absorbing  system.  A  sand 
drop  tester  is  an  example  of  this  type  of  im¬ 
pactor.  Another  drop  tester  uses  a  system  in 
which  steel  blades  shear  through  lead  slugs  to 
provide  the  deceleration  force.  These  systems 
occupy  a  lot  of  space  and  did  not  satisfy  our 
requirements  for  performance  and  repeatability. 
Therefore,  we  concentrated  our  design  efforts 
on  a  i  leumatic  impactor. 

The  pneumatic  impactors  that  were  designed 
are  easy  to  operate;  require  a  minimum  floor 
space;  give  results  that  are  repeatable  with  a 
high  degree  of  accuracy;  are  adjustable  to  give 
a  range  of  deceleration  levels,  rise  time  to  the 
deceleration  level,  and  hold  time  at  the  deceler¬ 
ation  level;  and  allow  hydraulic  and  electrical 
connections  to  the  missile  during  an  impact  so 
the  performance  of  the  missile  can  be  checked 
during  the  test. 


Two  impact  testers  were  designed  and  built. 
The  first  was  designed  and  tested  in  1951.  It 
was  the  prototype  used  to  prove  out  the  theory 
and  now  serves  as  a  missile  components  im¬ 
pactor.  The  missile  impactor  was  designed  and 
tested  in  1953  with  the  first  missile  impact 
being  made  in  October  1953.  Patents  were  ap¬ 
plied  for  and  the  patents  are  pending  at  the 
present  time.  The  missile  impactor  is  capable 
of  impacting  items  weighing  as  much  as  4,000  lb. 
For  the  most  part  I  will  confine  my  remarks  to 
the  missile  impactor.  (See  Figures  1  and  2.) 


The  operating  principle  of  the  impact  tester 
is  relatively  simple.  Two  opposed  pistons  in  a 
pneumatic  cylinder  are  the  primary  accelerating 
and  decelerating  components  of  the  tester.  An 
accelerating  force  is  provided  by  compressed 
air  behind  the  accelerating  piston  from  an  ac¬ 
cumulator  which  surrounds  the  cylinder.  The 
decelerating  force  is  acquired  through  the 
decelerating  piston  which  used  the  combined 
factors  of  a  compressible  column  of  air  between 
the  two  pistons  and  a  metered  flow  of  hydraulic 
fluid  within  a  modified  aircraft  landing  gear 
shock  strut.  Acceleration  andiconsequent  decel¬ 
eration  forces  are  thus  absorbed  at  a  controlled 
rate.  j 


Physically,  the  system  consists  of  the  cyl¬ 
inder  with  the  two  22-in  diameter  pistons  in  it, 
a  missile  carriage  for  connecting  the  missile 
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Figure  1  -  Design  of  missile  impact  tester 


to  the  accelerating  piston,  and  a  modified  B-47 
outrigger  shock  strut.  The  missile  is  mounted 
on  a  slide  rail  by  means  of  a  sliding  shoe  at  the 
missile's  center  of  gravity.  The  aft  end  of  the 
missile  is  clamped  to  the  missile  carriage. 
The  slide  rail  permits  seven  ft  of  travel  with 
the  first  five  ft  being  used  to  accelerate  the 
missile  to  the  proper  velocity  and  approximately 
two  ft  of  travel  being  used  to  decelerate  the 


missile.  The  missile  carriage  and  the  acceler¬ 
ating  piston  are  connected  by  a  four-in  diameter 
steel  shaft.  •  Eight  strain  gages  are  mounted  on 
the  shaft  in  a  temperature  and  bending  com¬ 
pensating  bridge  to  form  a  calibrated  dynamom¬ 
eter  to  measure  the  force  on  the  shaft  during 
an  impact.  The  output  of  the  bridge  is  amplified 
and  recorded  on  a  Consolidated  Electrodynamics 
Corp.  recorder. 
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The  decelerating  piston  is  connected  to  the 
metering  pin  in  the  shock  strut.  The  cylinder 
has  inlet  ports  from  the  air  accumulator  tank 
to  allow  the  expanding  air  to  accelerate  the 
first  piston.  The  exhaust  ports  in  the  cylinder 
are  five  ft  from  the  starting  position  of  the  first 
piston.  These  exhaust  ports  are  approximately 
one  ft  in  front  of  the  second  piston.  The  shock 
strut  contains  the  sump  filled  with  hydraulic 
oil,  and  the  orifice  which  in  conjunction  with 
the  metering  pin  determines  the  rate  of  energy 
absorption  in  the  shock  strut. 

The  ultimate  shock  load  is  absorbed  by  a 
90-ton  concrete  block  mounted  on  a  1/2-inch 
thick  rubber  pad  and  contained  in  a  140-ton 
concrete  foundation.  The  foundation  of  the  unit 
is  isolated  from  the  foundation  of  the  building  iri 
which  it  is  housed. 

The  easiest  way  to  describe  the  operation  of 
the  impactor  is  to  outlinethe  procedure  followed 
in  making  an  impact  on  a  missile.  Before  an 
impact  is  made,  the  free  travel  of  the  missile 
carriage  is  checked  by  releasing  the  pneumatic 
trigger  mechanism  which  locks  the  accelerating 
piston  and  slowly  raising  the  air  pressure  in 
the  air  accumulator  until  the  missile  carriage 
moves.  The  missile  moves  only  a  short  dis¬ 
tance  as  the  air  pressure  is  kept  below  10  psi. 
This  check  is  made  to  determine  if  there  is  any 
binding  anywhere  in  the  system  and  is  a  meas¬ 
ure  of  the  starting  friction.  The  carriage  usu¬ 
ally  moves  with  2  to  5  psi  air  pressure.  After 
this  friction  check  is  made  the  carriage  is 
returned  to  the  starting  position;  the  trigger 
mechanism  is  set;  the  shock  strut  is  checked 
to  make  sure  the  decelerating  piston  is  in  the 
forward  position  and  the  sump  has  the  proper 
oil  level;  and  the  air  pressure  raised  in  the 
accumulator.  The  impactor  is  now  ready  for 
an  impact. 

The  impact  cycle  begins  when  the  hydrauli¬ 
cally  operated  trigger  mechanism  releases  the 
accelerating  piston.  The  high-pressure  air 
behind  the  piston  and  in  the  accumulator  ex¬ 
pands  and  drives  the  piston  and  missile  carriage 
forward.  During  this  pre-impact  phase  the 
missile  is  accelerated  at  approximately  5  g's  to 
a  velocity  of  30  fps  measured  at  the  time  the 
piston  crosses  the  exahust  ports.  After  the 
piston  crosses  the  exhaust  ports  the  air  trapped 
between  the  two  pistons  is  compressed  which 
starts  to  decelerate  the  first  piston  and  accel¬ 
erate  the  second  piston.  The  movement  of  the 
decelerating  piston  is  resisted  by  the  action  of 
the  shock  strut  in  forcing  oil  through  an  orifice. 
The  deceleration  force  set  up  in  the  shock  strut 
is  a  function  of  the  metering  pin  profile  and  the 


velocity  of  the  second  piston.  The  hydraulic 
force  must  decelerate  the  missile  at  the  speci¬ 
fied  rate  and  hold  the  deceleration  for  a  period 
of  time. 

Briefly,  the  impact  can  be  separated  into 
three  phases:  the  first  is  a  velocity  acquiring 
stage;  the  second  is  the  deceleration  or  "rise 
time"  phase  which  is  started  when  the  first 
piston  covers  the  exhaust  ports  and  starts  to 
compress  the  air  between  the  two  pistons;  and 
the  third  is  the  "hold  time"  phase  which  is  started 
when  the  tip  of  the  metering  pin  enters  the 
orifice.  Before  we  study  the  design  of  the  im¬ 
pactor  it  will  be  helpful  to  discuss  each  phase 
of  the  impact  in  more  detail. 

The  first,  or  velocity  acquiring  stage,  doesn't 
present  any  real  problem  as  there  is  ample  room 
to  accelerate  the  missile  to  the  desired  velocity. 
Witha  total  missile  and  carriage  weight  of  3,000 
lb  an  accumulated  air  pressure  of  35  psi  will 
accelerate  the  system  to  a  velocity  of  30  fps  as 
the  first  piston  crosses  the  exhaust  ports.  This 
velocity  is  adequate  for  a  30  g  impact  with  a 
0.025  second  hold  time.  The  second,  or  "rise 
time,"  phase  presents  more  of  a  problem  as  we 
have  a  moving  system  which  must  transfer  some 
of  its  kinetic  energy  to  the  second  piston  to 
accelerate  it  to  a  common  velocity  in  0.020 
seconds  and  at  the  same  time  the  second  piston 
must  supply  a  resistive  force  to  decelerate  the 
missile  at  the  specified  rate.  The  trapped  air 
between  the  two  pistons  acts  as  a  spring  to 
transfer  the  kinetic  energy  from  the  missile 
and  first  piston  to  the  second  piston  and  shock 
strut. 

The  shock  strut  must  provide  the  resistive 
force  to  decelerate  the  missile  at  the  proper 
rate.  The  spring  constant  of  the  air  column  is 
a  function  of  the  air  column  length,  and  the 
hydraulic  force  is  a  function  of  the  orifice  area. 
The  air  column  length  and  the  distance  from  the 
tip  of  the  metering  pin  to  the  orifice  were  made 
adjustable  to  permit  some  tailoring  of  the  decel¬ 
eration  curve.  With  a  short  air  column  length 
and  a  short  metering  pin  to  orifice  distance,  the 
rise  time  is  short  and  the  G  value  high  but  the 
kinetic  energy  of  the  system  is  dissipated  too 
rapidly  so  the  hold  time  is  very  short.  There 
is  a  strong  possibility  also  that  the  impact  will 
show  an  oscillation  at  the  end  of  the  rise  time 
phase  which  indicates  that  the  two  pistons  did 
not  have  the  same  velocity  at  the  end  of  the  rise 
time  phase.  With  a  long  air  column  length  and 
a  long  distance  from  the  metering  pin  tip  to  the 
orifice,  the  rise  time  is  long  and  the  G  value 
low  but  the  kinetic  energy  is  not  dissipated  so 
the  hold  time  is  long. 


The  third,  or  hold  time,  phase  is  tied  in  with 
the  second  phase  rather  closely.  The  third  phase 
starts  when  the  tip  of  the  metering  pin  enters 
the  orifice.  The  two  pistons  are  traveling  at 
the  same  velocity  so  the  resistive  force  of  the 
hydraulic  oil  being  forced  through  the  annular 
opening  between  the  metering  pin  and  the  orifice 
must  decelerate  the  moving  masses  at  a  con¬ 
stant  rate  to  give  the  required  hold  time.  The 
hydraulic  force  is  proportional  to  the  velocity 
squared  and  the  velocity  must  be  decreasing  at 
a  constant  rate  to  maintain  the  deceleration. 
The  problem  is  to  design  a  metering  pin  with  a 
profile  which  changes  the  annular  opening  be¬ 
tween  the  metering  pin  and  the  orifice  at  a  rate 
which  will  maintain  a  resistive  force  to  obtain 
this  constant  deceleration. 

Now  that  we  have  looked  at  each  phase  of  the 
impactor  briefly  the  next  step  is  to  study  the 
design  of  the  impactor  and  its  performance 
characteristics.  Our  impactors  were  designed 
by  P.  E.  O'Neill,  W.  J.  Krause  and  R.  L.  Reed 
of  Bendix  Aviation  Corporation  and  a  good  share 
of  the  information  I'm  supplying  today  is  taken 
from  their  reports.  I  don't  intend  to  go  into  any 
detail  but  merely  want  to  outline  their  solution 
to  the  problem  of  designing  an  impactor.  The 
positive  acceleration  phase  which  brings  the 
missile  carriage  and  the  accelerating  piston  to 
the  proper  velocity  was  calculated  by  allowing 
a  given  volume  of  compressed  air  to  expand 
behind  the  first  piston  thus  accelerating  the  pis¬ 
ton  and  missile  carriage.  The  air  expansion 
was  assumed  to  be  adiabatic. 

For  a  typical  missile  impact  35  psi  air 
pressure  is  sufficient  to  accelerate  the  missile 
to  a  velocity  of  30fps  as  the  first  piston  crosses 
the  exhaust  ports  and  starts  the  deceleration 
phase.  A  free-body  diagram  of  the  system 
shows  that  essentially  we  have  two  masses  with 
interrelated  forces  actingupon  them.  Assuming 
our  analysis  starts  when  the  first  piston  crosses 
the  exhaust  ports,  the  free-body  diagram  of  the 
first  mass  shows  a  single  force  acting  to  decel¬ 
erate  the  mass.  This  force  is  the  resultant  of 
the  compression  of  the  air  between  the  two 
pistons.  The  second  mass  has  this  same  force 
acting  upon  it  but  in  a  direction  which  acceler¬ 
ates  the  mass.  In  addition  to  the  force  of  the 
compressed  air  column  the  second  mass  has  a 
resistive  force  generated  in  the  shock  strut  as 
the  movement  of  the  second  piston  forces 
hydraulic  oil  through  the  metering  orifice.  The 
shock  strut  force  resists  the  acceleration  of 
the  second  mass. 


air  of  the  air  column  expressed  in  terms  of  the 
relative  motion  of  the  two  pistons.  The  air 
compression  was  assumed  to  follow  an  adiabatic 
compression.  The  metering  pin  was  not  inside 
the  orifice  during  the  "rise  time"  phase  so  the 
hydraulic  force  was  neglected  for  the  calcula¬ 
tion  of  this  phase.  The  differential  equations  of 
motion  for  the  two  masses  were  combined  in  a 
single  equation  in  terms  of  the  relative  displace¬ 
ment  between  the  pistons.  The  equation  was 
integrated.  The  constant  of  integration  was 
found  from  the  condition  that  when  the  relative 
displacement  equaled  the  original  air  column 
length,  the  first  derivation  of  the  relative  dis¬ 
placement  equaled  the  velocity  of  the  acceler¬ 
ating  piston  as  it  crossed  the  exhaust  ports.  The 
result  of  this  integration  didn't  give  the  veloci¬ 
ties  of  the  two  masses  but  gave  the  relationship 
between  the  difference  of  the  two  velocities. 

Equations  for  the  final  velocity  and  the  decel¬ 
eration  of  the  two  masses  were  derived  by  using  a 
work- energy  relationship  and  the  boundary  con¬ 
ditions.  The  boundary  conditions  were  that  the 
final  air  column  length  must  provide  a  compres¬ 
sive  force  to  decelerate  the  first  mass  and  also 
that  the  velocity  of  the  two  masses  be  the  same 
and  equal  to  the  velocity  required  for  the 
deceleration-time  specification.  These  equa¬ 
tions  were  expressed  in  terms  of  mass  one,  mass 
two,  the  original  air  column  length,  and  the  veloc¬ 
ity  of  mass  one  as  it  crossed  the  exhaust  ports. 
The  "hold  time"  phase  was  calculated  from  the 
differential  equations  of  motion  of  the  two  masses 
with  the  hydraulic  force  acting  on  the  second 
mass.  The  deceleration  of  the  two  masses  was 
assumed  equal  at  the  end  of  the  "rise  time”  phase. 
The  resulting  equation  was  in  terms  of  the  veloc¬ 
ity  of  the  second  mass  and  the  system  param¬ 
eters,  one  of  which  is  the  annular  opening  between 
the  metering  pin  and  the  orifice.  The  metering 
pin  diameter  was  calculated  for  each  increment 
of  pin  length  using  data  from  a  curve  of  velocity 
vs.  displacement  for  the  second  mass.  The  ve¬ 
locity  and  displacement  vs.  time  curves  were  ob¬ 
tained  by  graphical  integration  of  the  acceleration 
expressions.  The  calculated  deceleration-time 
curve  was  of  the  desired  form  and  the  means-  of 
modifying  this  form  wereindicatedfrom  the  cal¬ 
culations.  The  design  of  the  impactor  allowed 
for  changes  in  the  air  column  length,  the  distance 
from  the  tip  of  the  metering  pin  to  the  orifice, 
the  weight  of  the  second  mass,  and  the  metering 
pin  profile.  The  metering  pin  profile  change  is 
time  consuming  but  the  other  changes  are  easily 
made. 


The  differential  equations  of  motions  for  the 
two  masses  have  the  force  of  the  compressed 
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Now  that  we've  discussed  the  operation  and 
design  of  the  impactor,  we  will  look  at  the  per¬ 
formance  of  the  impactor  and  see  what  it  will  do. 


A  series  of  drawings  have  been  prepared  to 
show  the  effect  of  varying  the  system  param¬ 
eters.  The  curves  shown  are  recorded  from 
the  strain  gage  shaft  dynamometer  readings. 
Figures  1,  2,  and  3  show  impacts  that  were 
made  on  the  missile  impactor: 

Curves  1  and,  2  (Figure  3)  provide  a  com¬ 
parison  of  two  impacts  under  the  same  test 
conditions. 


Curves  18,  19,  and  20  (Figure  7)  show  the 
effect  of  varying  the  air  column  length. 

Curves  21,  22,  and  23  (Figure  8)  show  the 
effect  of  varying  the  metering  pin  to  orifice 
distance. 

Summarizing,  we  have  looked  at  the  opera¬ 
tion,  design,  and  performance  characteristics 


Figure  3  -  Comparison  of  two  impacts  under  same  conditions 


Curves  3,  4,  and  5  (Figure  4)  show  the  effect 
of  varying  the  accumulator  air  pressure 
from  45  to  65  psi. 

The  remaining  figures  show  impacts  that  were 
made  on  the  small  component  impactor: 

Curves  9,  10,  and  11  (Figure  5)  show  the 
effect  of  varying  the  accumulator  air 
pressure. 

Curves  12,  13,  and  14  (Figure  6)  show  the 
effect  of  varying  the  accumulator  air  pres¬ 
sure.  These  curves  are  the  same  as  9,  10, 
and  11  except  the  metering  pin  to  orifice 
distance  is  1.14  in  instead  of  0.14  in. 


of  the  missile  and  component  impactors  used  at 
the  Bendix  Missile  Facility  to  simulate  the 
start  of  the  boost  phase  of  the  Talos  missile. 
The  deceleration  obtainable  with  the  small  im¬ 
pactor,  with  250  lb  the  maximum  weight  of  test 
specimen,  is  40  g's  with  a  "rise  time"  at  25 
g's  of  0.015  sec  and  a  "hold  time"  at  25  g's  of 
0.028  sec.  The  deceleration  obtainable  with  the 
large  impactor,  with  3,000  lb  maximum  weight 
of  test  specimen,  is  100  g's  with  a  "rise  time" 
of  0.020  sec  at  25  g's  and  a”hold  time"  of  0.025 
sec  at  25  g's.  The  impacts  are  repeatable 
within  ±5  percent  in  maximum  g  value,  rise 
time,  and  hold  time  and  each  impact  is  accom¬ 
plished  with  a  minimum  of  time  and  almost  ncr 
expenditure  of  material. 
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Curve  No.  9.  Record  No.  3501,  60  psi 


Curve  No.  10,  Record  No.  3505,  70  psi 


Curve  No.  11,  Record  No.  3512,  80  psi 


Figure  5  -  Test  runs  with  varying  accumulator  pressures 
Mi  =  304  lb,  piston  ext.  =  39  in.,  air  column  =  5  in., pin  = 
1-1/4  in.  outside,  1 -in  spacer  installed. 
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Figure  7  -  Test  runs  with  varying  air  columns 


Figure  7  -  Test  runs  with  varying  air  columns.  Mi  =  304  lb,  piston 
ext.  =39  in.,  pin  0.14  in.  outside  orifice,  accum.  pressure  =  60  psi . 
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Curve  No.  21,  Record  No.  3501,  pin  1.14  in.  outside  orifice,  1-in.  spacer 


Curve  No.  23,  Record  No.  1325,  pin  0.86  in.  inside  orifice,  3-in.  spacer 

Figure  8  -  Test  runs  with  varying  pin  positions.  Mi  =  304  lb, 
piston  ext.  =  39  in. ,  air  column  =  5  in. ,  accum.  pressure  =  60  psi. 


DISCUSSION 


Rice,  Goodyear  Aircraft:  I  notice  you  have  30 
g  on  there  for  about  13  milliseconds.  Is  that 
representative  or  just  an  arbitrarily  g  load  in 
the  boost  phase? 

Sanders:  I  think  that  the  hold  time  is  some¬ 
what  short  but  the  specifications  actually  call 

* 


for  a  30  millisecond  hold  time.  I  believe  that 
the  boost  phase  covers  a  longer  period  than 
that,  but  we  are  just  trying  to  achieve  the  start 
of  it.  Our  knowledge  of  the  science  hasn't 
progressed  to  the  point  where  we  can  get  a 
longer  hold  time. 


*  * 


DEVELOPMENT  OF  VIBRATORS  FOR  IMPROVED 
SIMULATION  OF  REAL  VIBRATION  ENVIRONMENTS 


W.  P.  Barnes,  Jr.  and  D.  L.  Mock,  Atlantic  Research  Corp., 
Alexandria,  Va. 


Two  vibrators  for  testing  small  electronic  components  are  discussed. 
One  is  a  magnetos trictive  unit  with  a  flat  response  (20  percent)  between 
1  kc  and  10  kc.  The  second  is  a  liquid  jet  vibrator  producing  a  nearly 
uniform  acceleration  spectral  density  between  1  kc  and  10  kc. 


INTRODUCTION 

The  Need  for  Improved  Simulation 

Laboratory  vibration  tests  have  been  proven 
to  be  of  economic  utility  in  simulating  the  vibra¬ 
tion  problems  involved  in  low- speed  transporta¬ 
tion,  and  with  the  provision  of  suitable  means 
for  simulating  the  mechanical  environment  pro¬ 
duced  by  highspeed  vehicles  it  becomes  increas¬ 
ingly  imperative  to  keep  pace  with  our  ability  to 
make  things  travel  further  and  faster  with  more 
complex  payloads. 

The  solution  of  any  engineering  problem 
requires  either  a  background  of  data  directly 
applicable  to  the  problem  at  hand  or  a  logical 
means  of  interpolating  or  extrapolating  known 
data  into  the  data  required  for  the  solution. 
Applying  this  criterion  to  a  vibration  test,  we 
can  see  that  logical  interpolation  or  extrapola¬ 
tion  of,  say,  a  prediction  of  failure  requires  a 
knowledge  of  the  resonant  frequencies  and  ac¬ 
companying  quality  factors  for  the  structure 
under  test.  Most  components  subjected  to 
vibration  tests  are  of  such  complex  mechanical 
construction  that  knowledge  of  the  resonances 
can  be  obtained  only  empirically,  and  thus  one 
is  forced  to  accept  the  necessity  of  providing 
empirical  data  covering  the  entire  range  of  the 
application. 


In  recent  years,  much  effort  has  been  applied 
to  the  determination  of  the  amplitude  and  fre¬ 
quency  ranges  of  the  vibrations  encountered  by 
the  guidance,  control  and  instrumentation  com¬ 
ponents  (primarily  electronic)  used  in  rockets, 
and  in  jet-powered  missiles  and  aircraft.  These 
continuing  studies  have  resulted  in  a  better, 
though  as  yet  incomplete,  definition  of  the  me¬ 
chanical  environment,  and  it  is  generally  ac¬ 
cepted  that  this  environment  consists  of  forces 
more  or  less  randomly  distributed  in  space  and 
time.  By  recording  these  forces  over  a  sufficient 
period  of  time,  the  environment  may  be  trans¬ 
formed  into  an  equivalent  spectral  density  of 
forces  as  a  function  of  frequency.  Two  conclu¬ 
sions  have  so  far  been  drawn: 

1.  The  spectral  density  of  the  forces  is  con¬ 
tinuous,  i.e.,  the  forces  are  not  those 
which  might  be  produced  by  the  sum  of  a 
finite  number  of  vibration  sources,  each 
with  some  associated  discrete  frequency, 
but  is  the  type  of  distribution  generally 
called  "noise"; 

2.  The  upper  frequency  limit  beyond  which 
such  forces  are  unimportant  has  not  been 
defined. 

Simulation  of  this  environment  by  vibrators 
driven  at  single  (variable)  frequencies  is,  at 
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best,  a  tedious  task.  As  is  pointed  out  in  Refer¬ 
ences  5  and  7,  such  simulation  requires  inprin¬ 
ciple  a  complete  knowledge  of  the  response  of 
the  item  under  test  before  a  logical  choice  can 
be  made  of  the  amplitude  variation  and  rate  of 
sweep  used  in  a  sweep-frequency  test  or  of  the 
amplitude  and  frequency  of  a  series  of  single¬ 
frequency  tests  which  would  subject  all  parts  of 
the  system  tested  to  forces  comparable  to  those 
encountered  in  use.  The  vibrator  needed  is 
thus  one  which  will  produce  a  complex  force 
distribution  closely  reproducing  or  enveloping 
that  found  in  service. 


The  Development  Program 

During  negotiation  of  the  contract*  under 
which  the  work  described  herein  was  performed, 
and  in  subsequent  discussions  of  the  direction 
of  effort,  the  following  objective  was  defined: 

The  development  of  a  vibrator  or  vibrators 
capable  of  producing  a  constant  (±20  per¬ 
cent)  acceleration  spectral  density  (rms 
acceleration  in  a  frequency  band  one  cycle 
wide)  with  a  total  rms  acceleration  of  100 
times  the  acceleration  of  gravity  in  the 
frequency  band  1,000  to  10,000  cps,  with 
a  useful  load  of  at  least  10  grams. 

This  objective  may  be  obtained  by  the  use  of 
a  driving  mechanism  which  by  its  very  nature 
produces  such  a  noise  spectrum,  or  by  driving 
an  electromechanical  transducer,  having  a  flat 
frequency  response  characteristic,  with  an 
electronic  noise  generator. 

A  considerable  amount  of  development  effort 
had  been  applied,  at  the  Diamond  Ordnance  Fuze 
Laboratories  and  elsewhere,  to  approach  this 
same  objective  using  an  electrodynamic  vibrator. 
Although  some  thought  was  given  to  the  pos¬ 
sibility  of  further  improvement  of  such  vibrators, 
our  principal  efforts  were  directed  to  the  the¬ 
oretical  and  experimental  evaluation  of  tech¬ 
niques  on  which  little,  if  any,  development 
effort  had  previously  been  applied  with  the  above 
stated  requirements  in  mind. 

After  a  brief  survey  of  the  developments 
then  being  pursued  by  others,  it  was  decided  to 
divide  our  efforts  and  investigate: 

1.  The  feasibility  of  making  a  magnetostric- 
tive  transducer  with  an  essentially  flat 
frequency  characteristic  between  1,000 
and  10,00c  cps,  and 


♦Contract  No.  DAI-49-  186-502-ORD(P)-2 10. 


2.  The  accelerations  which  can  be  produced 
by  a  fluid  jet  impinging  on  the  mass  to  be 
vibrated. 

The  results  of  these  efforts  are  detailed  in  other 
sections  of  this  paper. 


Measurement  of  Acceleration 

The  provision  of  tools  for  the  measurement 
of  accelerations  at  frequencies  above  2,000  cps 
has  been  given  increasing  attention  in  recent 
years  (References  1,  2,  and  10).  At  the  present 
time  there  are  on  the  market  several  commer¬ 
cial  accelerometers  which  could  conceivably  be 
used  at  frequencies  as  high  as  30  kc,  but  their 
use  requires  the  extrapolation  of  calibration 
data  obtained  in  the  neighborhood  of  1,200  cps. 
Such  an  extrapolation  is  at  best  undesirable, 
and  the  provision  of  accurate  means  of  calibra¬ 
tion  of  such  instruments  over  the  entire  fre¬ 
quency  range  in  which  measurements  are  to  be 
made  remains  the  most  important  single  prob¬ 
lem  facing  the  users  of  accelerometers. 

We  have  not  provided  a  solution  for  this 
problem,  but  our  confidence  in  the  measure¬ 
ments  made  is  somewhat  increased  by  the  fact 
that  we  have  had  available  an  accelerometer, 
the  Model  T-3,  developed  at  the  National  Bu¬ 
reau  of  Standards  (Reference  10),  that  has  been 
used  for  some  time  for  measurements  at  fre¬ 
quencies  up  to  10  kc  with  no  evidence  of  sub¬ 
stantial  deviations,  from  a  flat  sensitivity  vs 
frequency  characteristic. 

The  data  presented  in  this  paper  have  been 
reduced  to  values  of  acceleration  using  the 
calibration  provided  by  the  Diamond  Ordnance 
Fuze  Laboratories,  which  calibration  is  accom¬ 
plished  using  an  electrodynamic  vibrator  (Ref¬ 
erence  11).  The  sensitivity  is  observed  at  an 
accurately  known  acceleration  level  at  a  low 
frequency  (usually  60  cps)  and  then  the  sensi¬ 
tivity  vs  frequency  characteristic  is  observed 
on  a  panoramic  wave  analyzer  at  frequencies 
up  to  5  kc.  Experience  with  the  electrodynamic 
vibrator  has  shown  that  its  output  is  quite  flat 
in  this  frequency  range,  and  in  the  absence  of 
any  significant  variations  in  the  accelerometer 
output  it  was  assumed  that  the  low  frequency 
calibration  could  be  extended  to  10  kc. 

Some  hope  for  better  resolution  of  the  cali¬ 
bration  problem  is  provided  by  work  presently 
being  done  by  the  Office  of  Basic  Instrumenta¬ 
tion,  NBS  (Reference  1).  An  optical  inter¬ 
ferometric  method  of  measuring  accelerations 
greater  than0.50g  at  1,000  cps, or  50  g  at  10  kc 
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has  been  developed,  and  we  are  presently  plan¬ 
ning  to  accept  the  opportunity  presented  by  the 
cooperation  of  NBS  and  DOFL  to  obtain  an  im¬ 
proved  calibration  of  the  accelerometers  we 
have  used  and  to  determine  the  feasibility  of 
using  the  magnetostrictive  unit  as  a  secondary 
calibration  standard. 

An  additional  method  of  calibration  which 
should  prove  useful  is  a  reciprocity  calibration 
(References  3,  12,  and  13).  We  are  here,  how¬ 
ever,  approaching  the  frequency  range  where 
the  use  of  lumped  parameters  to  describe  the 
coupling  impedance  needed  in  one  of  the  meas¬ 
urements  for  a  reciprocity  calibration  is  no 
longer  valid,  and  wave  effects  in  this  coupling 
must  be  considered. 

Attachment  of  the  accelerometer  to  our 
vibrators  was  accomplished  by  machining  the 
outside  of  the  accelerometer  housing  to  a  taper 
of  1/4  in  per  ft,  and  providing  a  matching  taper 
in  a  mounting  hole  in  the  solid  blocks  used  as 
the  load. 

The  necessary  impedance  transfer  from  the 
high- electrical  impedance  of  the  accelerometer 
to  the  relatively  low  electrical  impedance  of  the 
measuring  equipment  used  was  accomplished 
using  a  cathode  follower  with  approximately  50 
megohm  input  impedance. 


A  WIDE  BAND  MAGNETOSTRICTIVE  VI¬ 
BRATOR 

The  possibility  of  developing  a  transducer 
with  a  flat  frequency  response  over  a  relatively 
wide  band  in  the  audio  frequency  range  was  indi¬ 
cated  by  the  work  of  Rabinow  and  Apstein  (Ref¬ 
erence  8)  at  the  National  Bureau  of  Standards. 

The  sharp  resonant  peaks  characteristic  of 
the  frequency  response  of  most  electromechani¬ 
cal  transducers  may  be  visualized  as  being 
caused  by  the  reflection  of  elastic-wave  energy 
at  the  boundaries  of  the  transducer  in  such  a 
manner  as  to  reinforce  the  energy  subsequently 
supplied  by  the  driving  mechanism.  A  nearly 
uniform  response  maybe  obtained  by  restricting 
the  use  of  the  transducer  to  frequencies  well 
below  that  at  which  the  first  such  resonance 
occurs,  but  this  restriction  generally  results  in 
a  severe  limitation  of  the  total  amount  of  power 
which  may  be  transformed  from  electrical  to 
mechanical  form.  Rabinow  and  Apstein  showed 
that  much  larger  amounts  of  power  could  be 
handled  and  the  efficiency  of  the  energy 
transformation  maintained  substantially 


independent  of  frequency  over  a  wide  frequency 
range  by  the  use  of  means  to  eliminate  unwanted 
reflections  of  energy  at  the  transducer  bound¬ 
aries,  and  by  controlled  reinforcement  of  the 
energy  transformation. 

Our  efforts  were  thus  applied  to  the  evalua¬ 
tion  of  this  method  of  approach  to  the  problem 
at  hand.  A  magnetostrictive  transducer  was 
chosen  for  study,  primarily  because  of  the  con¬ 
venience  with  which  the  most  common  magneto¬ 
strictive  material,  Grade  A  nickel,  may  be 
worked,  and  because  of  the  convenient  electrical 
impedance  values  of  such  a  completed  trans¬ 
ducer.  The  results  of  this  investigation  may  be 
applied  to  other  types  of  transducers,  and  it  is 
conceivable  that  use  of  other  electromechanical 
effects  might  yield  improved  performance  or 
allow  a  reduction  in  the  size  of  the  transducer 
for  the  same  output. 

The  active  element  of  the  transducer  was  in 
all  cases  a  single  piece  of  nickel  tubing,  and  the 
problem  of  absorbing  the  elastic  wave  energy  at 
one  end  of  this  tube  is  analogous  to  that  of  the 
termination  of  an  electrical  transmission  line. 
The  electrical  line  may  be  terminated  with  a 
resistor  to  absorb  all  of  the  incident  electrical 
energy,  but  no  such  simple  arrangement  is  pos¬ 
sible  in  the  mechanical  case  since  no  one  has 
yet  invented  a  pure  mechanical  "resistor." 

Rabinow  and  Apstein  approximated  such  a 
mechanical  resistor  by  the  use  of  the  friction 
between  the  transducer  element  and  one  or  more 
masses  lightly  clamped  or  held  by  magnetic 
attraction,  but  this  approximation  was  not  suf¬ 
ficiently  good  for  the  objective  we  wished  to 
achieve.  Our  best  success  was  obtained  by  ter¬ 
minating  the  transducer  element  with  a  "lossy" 
mechanical  transmission  line,  i.e.,  a  piece  of 
lead  tubing,  whose  length  could  then  be  chosen 
to  give  any  desired  degree  of  attenuation  of  the 
wave  energy  being  transmitted.  The  use  of 
friction  was  not  completely  discarded,  however, 
and  an  additional  loss  was  obtained  by  winding 
the  lead  tubing  with  wire  solder. 

Experimental  Apparatus 

The  form  of  the  vibrator  is  shown  in  Figure  1. 
The  active  element  of  the  transducer  consists 
of  a  section  of  Grade  A  nickel  tubing,  machined 
to  0.650-in  O.D.,  0.020- in  wall  thickness,  47  in 
long.  Both  the  static  (polarizing)  magnetic  field 
and  the  driving  field  are  produced  from  a  single 
layer  helical  coil  of  #18  magnet  wire  (approxi¬ 
mately  600  total  turns)  wound  loosely  over  the 
nickel  tube.  At  one  end  is  brazed  a  5/8-in  diam¬ 
eter  by  3/4-in  long  rod  of  nonmagnetic  stainless 
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Figure  1  -  The  wide-band  magnetostrictive  vibrator 


steel  provided  with  a  mounting  hole  for  the  ac¬ 
celerometer.  The  other  end  of  the  active  ele¬ 
ment  is  soldered  to  a  24-in  length  of  lead  tub¬ 
ing  of  0.650-in  O.D.,  1/32-in  wall  thickness, 
fabricated  from  lead  sheet.  These  dimensions 
are  chosen  to  provide  the  same  mechanical 
impedance  per  unit  length  as  that  of  the  nickel 
tube.  Additional  power  dissipation,  beyond  that 


provided  by  the  internal  damping  of  the  lead,  is 
produced  by  external  windings  of  1/16-in  diame¬ 
ter  wire  solder  in  light  contact  with  the  lead  tube. 

An  over-all  schematic  of  the  vibrator  and 
electrical  and  electronic  equipment  needed  to 
produce  and  measure  the  vibrations  is  shown  in 
Figure  2.  The  driving  signal  may  be  supplied 
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Figure  2  -  Magnetostriction  vibrator  circuitry 
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by  an  oscillator,  a  sweep-frequency  oscillator 
or  a  random  noise  generator.  This  driving 
signal  is  amplified  by  a  30-watt  power  amplifier, 
and  fed  to  the  driving  coil  in  series  with  the  out¬ 
put  of  the  dc  power  supply.  A  direct  current  of 
one  ampere  provided  the  necessary  polarizing 
flux. 

NBSTypeT-3  accelerometers  and  the  cathode 
follower  as  mentioned  in  Part  I  were  used  for 
the  measurement  of  accelerations.  The  detector- 
discriminator  circuit  was  used  in  conjunction 
with  the  sweep-frequency  oscillator  to  display 
the  frequency  response  curve  of  the  vibrator  on 
a  long  persistence  screen  of  a  cathode  ray  tube 
for  ease  of  observation  of  the  effects  of  varia¬ 
tion  of  some  of  the  vibrator  parameters.  The 
waveform  of  the  accelerometer  output  was  moni¬ 
tored  on  another  cathode  ray  tube.  For  more 
precise  measurements,  an  audio-frequency 
oscillator  was  used  as  the  source  of  the  driving 
signal,  and  measurements  of  electrical  input  and 
accelerometer  output  being  made  with  a  vacuum 
tube  voltmeter,  the  output  waveform  being  moni¬ 
tored  as  before. 


Experimental  Results 

The  performance  of  the  vibrator  with  a  con¬ 
stant  ac  voltage  of  30  volts  rms  supplied  to  the 


driving  coil  is  shown  in  Figure  3.  The  total 
load  driven,  consisting  of  the  stainless  steel 
accelerometer  holder  and  the  accelerometer, 
was  approximately*  25  grams. 

It  may  be  seen  that  the  performance  very 
nearly  meets  the  desired  specifications.  The 
actual  output  is  flat  within  25  percent  from  1,500 
to  10,000  cps,  the  average  output  level  being 
approximately  70  g  rms.  Some  distortion  of 
the  waveform  of  the  accelerometer  output  was 
noted  at  frequencies  below  2,500  cps. 

Subsequent  attempts  to  improve  the  vibrator 
performance  by  reducing  the  wall  thickness  of 
the  nickel  tube  (thus  reducing  eddy  current 
losses)  and  annealing  the  tube  after  the  machin¬ 
ing  operations  resulted  in  performance  as  shown 
in  Figure  4.  (The  total  driven  load  was  also 
reduced  to  approximately  15  grams.)  A  sub¬ 
stantial  deviation  from  uniform  response  is 
noted  at  the  higher  output  level. 


Discussion  and  Conclusions 

An  elementary  theoretical  analysis  of  the 
performance  of  the  vibrator  described  in  detail 
above  is  contained  in  Appendix  A,  and  results  of 
this  analysis  are  compared  with  the  measured 
performance  in  Figure  3.  The  differences 
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Figure  3  -  Constant  voltage  response  of  magneto- 
strictive  transducer:  theoretical  response  of  loss 
less  transducer  (see  Appendix  A)  measured  response 
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FREQUENCY  — CPS 

Figure  4  -  Acceleration  response 


between  theory  and  practice  maybe  attributed  to 
the  effects  of  the  finite  resistance  of  the  driving 
coil,  eddy  current  losses  in  the  nickel  tube, 
imperfections  in  energy  transfer  between  the 
nickel  rod  and  lead  termination,  and  the  finite 
length  of  the  termination  itself,  all  of  which 
were  neglected  in  the  theoretical  analysis.  It 
is  seen  that  some  idea  of  the  output  to  be  ex¬ 
pected  from  the  vibrator,  and  the  variation  in 
this  output  over  wide  frequency  ranges  may  be 
obtained  from  simple  theory,  but  that  a  predic¬ 
tion  of  the  details  of  the  performance,  including 
specifically  the  degree  to  which  a  uniform  re¬ 
sponse  is  approached,  depends  on  damping 
effects  and  other  imperfections  which  are  not 
subject  to  simple  analysis. 

Preliminary  tests  of  the  vibrator,  using  a 
random-noise  generator  to  produce  the  driving 
signal,  have  verified  the  practicability  of  such 
excitation,  and  have  substantially  confirmed  the 
frequency  response  characteristic  observed  in 
the  sweep-frequency  tests. 

The  techniques  described  here  have  not 
yielded  a  solution  completely  satisfying  the 
objective  defined  at  the  inception  of  the  devel¬ 
opment,  but  have  provided  a  device  capable  of 
producing  150  g  accelerations  of  a  15  to  20  gram 
mass  at  frequencies  from  2,000  to  10,000  cps. 
Variation  of  the  output  with  constant  voltage 
input  is  within  ±35  percent. 


A  LIQUID  JET  VIBRATOR 

During  the  development  and  in  subsequent 
testing  of  the  electrodynamic  vibration  generator 


developed  at  the  Diamond  Ordnance  Fuze  Labo¬ 
ratories  (Reference  11),  it  was  observed  that 
the  sound  radiated  by  this  vibrator,  when  driven 
by  a  random-noise  source,  was  quite  similar  to 
that  produced  by  the  high-velocity  flow  of  water 
or  other  fluids.  Thus  at  the  inception  of  the 
work  done  bythe  Atlantic  Research  Corporation 
under  DOFL  sponsorship,  it  was  agreed  that  an 
investigation  of  the  possibility  of  coupling  the 
turbulent  energy  of  a  fluid  directly  to  the  load 
to  be  vibrated  would  be  undertaken.  A  prime 
advantage  of  such  a  system  would  be  complete 
freedom  from  electrostatic  and  electromag¬ 
netic  fields  produced  bythe  driving  mechanism, 
and  thus  the  effects  of  a  purely  mechanical  en¬ 
vironment  might  be  more  easily  determined. 

A  theoretical  estimate  of  the  magnitude  of 
the  fluctuating  forces  produced  upon  a  flat  disc 
inserted  in  a  turbulent  stream  led  to  the  con¬ 
clusion  that  a  total  input  power  of  43  kw  would 
be  required  to  provide  a  random  excitation  of 
100  g  rms  for  a  total  mass  of  30  grams.  This 
calculation  was  madeby  applying  present  knowl¬ 
edge  of  the  turbulence  generated  by  wire  grids 
in  low-speed  air  streams  (such  that  the  air  may 
be  considered  incompressible)  to  the  flow  of 
water,  and  assuming  that  the  coupling  can  be 
approximated  by  the  use  of  a  drag  coefficient, 
thus  neglecting  the  effects  of  the  relative  size 
of  the  turbulent  eddies  and  the  body  being  driven. 
This  power  requirement  appeared  somewhat 
impractical,  and  led  to  the  consideration  of  other 
methods  of  coupling  to  the  random  energy  in 
the  stream. 

The  vibrator  designed  for  preliminary  test¬ 
ing  took  the  form  of  a  free  liquid  jet  impinging 
on  the  load  to  be  driven,  this  load  being  sup¬ 
ported  by  a  flexible  diaphragm.  By  the.  use  of 
this  configuration,  we  hope  to  be  able  to  avoid 
the  damping  which  would  occur  if  the  vibrating 
body  were  completely  surrounded  by  the  liquid, 
and  to  take  advantage  of  the  possible  increase 
in  the  fluctuating  energy  component  as  a  result 
of  disintegration  of  the  jet.  At  that  time  it 
appeared  impractical  to  make  any  attempt  to 
predict  the  performance  of  such  a  system,  and 
a  completely  empirical  approach  was  adopted. 
Subsequent  considerations  of  the  probable  mech¬ 
anism  which  produces  the  desired  vibration  has 
led  to  a  simplified  analysis  which  appears  to 
have  some  utility  in  predicting  the  order  of  mag¬ 
nitude  of  the  accelerations  which  may  be  pro¬ 
duced  by  this  vibrator.  This  analysis  is  included 
in  the  discussion  below. 

Experimental  Apparatus 

A  schematic  drawing  of  the  nozzle,  load,  and 
diaphragm  arrangement  used  is  shown  in 
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Figure  5.  Water  was  used  as  the  driving  fluid, 
and  pressures  up  to  300  psig  upstream  of  the 
nozzle  were  produced  by  a  gear  pump  rated  at 
one  gallon  per  minute  at  200  psig.  Subsequent 
modifications  to  this  unit  allowed  the  use  of 
nozzle-to-diaphragm  distances  up  to  23  in. 


would  be  introduced  by  this  spurious  passband 
of  the  analyzer  required  the  use  of  the  low-pass 
filter.  Since  our  immediate  attention  was  focused 
on  the  1  to  10  kc  band,  this  expedient  did  not 
interfere  with  our  aims.  If,  however,  we  wish 
to  extend  our  interest  to  frequencies  of  30  kc, 
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Figure  5  -  Schematic  of  liquid  jet  vibrator 


An  extrapolation  of  the  data  obtained  with 
this  unit  led  to  the  procurement  of  a  larger 
pump  rated  at  5  gal/min  at  1,000  psig.  This 
pump  is  lubricated  by  the  fluid  being  pumped. 
Several  unsuccessful  attempts  to  obtain  a  sig¬ 
nificant  outputusingthe  recommended  hydraulic 
oil  were  made;  then  the  working  fluid  was 
changed  to  a  soluble  oil-water  mixture.  This 
mixture  has  given  some  improvement  in  output, 
but  has  resulted  in  the  generation  of  large 
amounts  of  foam,  and  it  has  been  thus  far  im¬ 
possible  to  obtain  any  significant  results  at 
pressures  higher  than  those  which  can  be  pro¬ 
duced  by  the  original  water  pump.  The  use  of  a 
silicone  anti-foam  emulsion  has  had  no  sig¬ 
nificant  effect  on  the  foaming  properties  of  the 
mixture. 

An  NBS  Model  T-3  accelerometer  (Refer¬ 
ence  10)  was  mounted  in  an  aluminum  block 
which  also  was  the  target  for  the  jet.  The  out¬ 
put  of  the  accelerometer  was  fed  to  a  cathode 
follower  through  a  United  Transformer  Com¬ 
pany  LMI-10, 000  low-pass  filter  and  toaHewlett 
Packard  Model  300A  Wave  Analyzer. 

In  calibrating  the  electronic  system,  it  was 
found  that  the  Wave  Analyzer  will  pass  a  20  kc 
signal  independently  of  its  frequency  setting. 
At  the  same  time,  the  lowest  resonant  frequency 
of  the  accelerometer  was  checked  (using  a 
preliminary  model  of  the  magnetostrictive 
vibrator  previously  described)  and  found  to  be 
about  21  kc.*  Elimination  of  the  error  which 


♦Somewhat  below  the  value  reported  by  Rosen¬ 
berg  (Reference  10),  the  difference  most  prob¬ 
ably  being  caused  by  thinning  of  the  bell-like 
end  when  the  taper  was  machined. 


as  suggested  by  Kaufman  (Reference  S),  consid¬ 
erable  effort  will  be  needed  to  provide  accel¬ 
erometers  and  associated  instrumentation  to 
produce  accurate  data. 

Three  2,000-microfarad  dry  electrolytic 
condensers  were  connected  in  parallel  with  the 
output  meter  of  the  Wave  Analyzer  to  increase 
the  time  over  which  the  output  was  averaged, 
and  thus  reduce  the  variations  in  the  meter 
reading. 


Data  Reduction 

The  readings  of  the  Hewlett-Packard  Wave 
Analyzer  are  corrected  to  yield  the  rms  accel¬ 
erometer  output  voltage  for  a  frequency  band 
one- cycle  wide.  This  correction  consists  of 
several  factors  as  follows: 

1.  The  voltage  gain  of  the  entire  measuring 
system, 

2.  The  bandpass  characteristics  of  the  wave 
analyzer, 

3.  The  reduction  of  meter  readings  to  rms 
values  for  the  nonsinusoidal  signal. 

Correction  No.  1  is  easily  obtained  by  apply¬ 
ing  a  known  single  frequency  signal  at  the 
cathode  follower  input  and  measuring  the  out¬ 
put  as  this  frequency  is  varied  over  the  range 
of  interest. 

Correction  No.  2  has  been  determined  from 
the  bandpass  characteristics  as  published  in  the 
instruction  book  supplied  with  the  wave  analyzer. 
For  this  correction,  we  assume  that  the  meter 


167 


actually  measures  an  rms  value.  With  this 
assumption.the  meter  reading  VM  is  given  by 


J.+Af 

f 


(KXV)2 

Z 


Where  z  is  the  impedance  of  the  wave  analyzer, 
Zj,  is  the  average  impedance  over  the  full  band 
width  2Af,  Kx  is  the  voltage  gain  of  the  analyzer 
for  a  given  center  frequency  fo  (Figure  2  of  the 
wave  analyzer  instruction  book),  and  V  is  the 
input  voltage  density  in  a  band  one-cycle  wide. 
This  equation  can  be  solved  simply  for  v  only 
if  we  assume  that  V  and  z  are  constant  Over  the 
band  of  integration  and  Kj  «  0  outside  this  band. 
For  Af  =  145cps,  we  have  K1(fo±if)=0.01  K1(fo), 
thus  for  the  frequency  range  in  which  we  are 
interested,  1  kc  to  10  kc,  these  assumptions 
should  not  introduce  a  significant  error.  The 
input  voltage  density  is  then:  . 


Jf°+Af  Kj2  df 
_  fo  -  Af  1 


This  integration  was  performed  graphically. 


subjectivity  in  the  data.  In  spite  of  these  attempts 
to  determine  an  average  of  the  output,  the  data 
still  reveal  a  considerable  scatter. 

Because  of  this  scatter,  a  detailed  comparison 
of  individual  runs  is  almost  completely  uninfor¬ 
mative,  and  few  specific  conclusions  can  be 
drawn  from  the  total  data.  Figure  6,  showing 
three  runs  with  only  slight  variations  in  the 
controlled  variables  is  indicative  of  the  scatter. 
The  best  total  output  obtained  to  date  is  an  ac¬ 
celeration  of  approximately  15  g  rms  over  the 
band  1,000  to  10,000  cps  with  a  total  load  of 
35  grams. 


Discussion  and  Conclusions 


An  estimate  of  the  magnitude  of  the  accelera¬ 
tion  which  may  be  produced  by  the  liquid  jet 
vibrator  under  optimum  conditions  is  useful  for 
comparison  with  the  experimental  data  obtained 
to  date,  and  to  ascribe  an  upper  limit  to  the  per¬ 
formance  which  may  be  obtained  with  any  given 
pump  characteristics.  Some  insight  into  the 
phenomena  which  probably  occur  may  be  had  by 
a  study  of  References  6  and  9. 


An  additional  correction  is  given  by  Equation 
9  of  Reference  7  as 


This  correction  is  applied  to  account  for  the 
fact  that  the  wave  analyzer  meter  actually  meas¬ 
ures  the  average  value  of  the  output  of  a  full- 
wave  rectifier  and  is  calibrated  to  read  the  rms 
value  of  a  sine-wave  signal. 

The  measured  response  of  the  accelerometer 
is  then  applied  to  determine  the  accelerations 
obtained.  The  presumption  that  the  accelerom¬ 
eter  sensitivity  is  constant  and  equal  to  the  low- 
frequency  calibration  value  has  been  used  for 
the  entire  range  of  the  data  obtained. 


In  order  to  calculate  the  upper  bound  for  the 
attainable  accelerations,  we  assume  that  the 
initially  continuous  jet  disintegrates  into  a  series 
of  discrete  drops  which  all  follow  the  same  path 
in  space,  and  focus  our  attention  on  a  single 
drop.  This  drop  will  be  moving  with  the  average 
jet  velocity,  and  we  assume  that  all  of  its  forward 
momentum  is  converted,  at  impact,  to  an  impulse 
on  the  load  being  driven.  In  order  to  simplify 
the  calculation,  we  further  assume  that  the  im¬ 
pulsive  force  rises  steeply  to  a  value  Fx,  remains 
constant  for  a  time  interval  Mx,  and  then 
returns  to  zero.  Then 

mv  =  Fj  Atj  =  Maj  Atj, 

where 

m  =  mass  of  the  drop, 


Experimental  Results 

The  collection  and  interpretation  of  data  pre¬ 
sents  considerable  difficulty.  The  addition  of 
6,000  microfarad  in  parallel  with  the  output 
meter  of  the  Wave  Analyzer  increased  the  time 
constant  of  the  meter  to  more  than  one  second, 
but  variations  in  output  of  ±50  percent  in  sev¬ 
eral  seconds  were  still  apparent,  thus  the 
recording  of  an  average  value  introduces  some 


v  =  average  jet  velocity, 

Fj  =  impulsive  force, 

At  »  time  interval  during  which  impulsive, 
force  acts, 

M  »  mass  of  driven  load, 

a1  =  acceleration  of  driven  load  during  time 
Ati- 
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Figure  6  -  Comparison  of  output  of  liquid  jet  vibrator 
for  three  runs 
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The  mass  of  the  drop  is  given  by 
m  =  pAt 


We  may  then  calculate  the  quantity  of  particular 
interest,  the  rms  value  of  the  varying  compo¬ 
nent  of  the  acceleration  as 


where  l  is  the  (average)  distance  between  the 
drop  under  consideration  and  its  nearest  neigh¬ 
bors  in  the  line  of  drops,  p  is  the  liquid  density, 
and  A  is  the  cross  sectional  area  of  the  original 
jet  stream. 

The  total  time  interval  associated  with  the 
collision  of  the  drop  may  be  defined  as 


and  combining  these  equations,  we  obtain 


(a  -  a) 


f- 


pAv2 

M 


At  2 
AtT 


-  1 


Since  this  value  increases  without  limit  as 
Atj/At2  approaches  zero,  it  is  necessary  to 
determine  if  there  exists  some  limiting  mini¬ 
mum  value  for  Atj/At2.  With  the  simplification 
already  used,  we  may  write 

At.  2r  2r 

At~  “  2r  =  T  =  T 


Atl  pAv2 
1  Atj  M  ' 

We  note  that  the  average  value  of  the  accelera¬ 
tion  over  the  time  interval  At2,  a,  is  given  by 


where  r  is  the  radius  of  the  drop,  here  assumed 
to  be  spherical,  and  \  is  the  wave  length,  in  the 
jet,  of  the  disturbance  which  formed  the  drop 
being  examined.  Continuity  requires  that 


a 


Ati 

At2  ' 


and  thus 
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At  2 


(6)1/3 


2/3 


Rayleigh  (Reference  9)  shows  that  the  wave  length 
of  the  fastest  growing  disturbance  in  the  jet  is 
equal  to  9  times  the  jet  radius,  but  further  shows 
that  longer  wave  lengths  may  be  produced  in  the 
presence  of  sufficiently  strong  periodic  dis¬ 
turbances.  Thus  we  do  not  have  sufficient  infor¬ 
mation  to  definitely  assign  an  upper  limit  to  X. 
Using  the  wave  length  for  the  fastest  growing 
disturbance,  X  =  9r1(  we  obtain 


This  maybe  considered  the  most  probable  upper 
limit  to  the  accelerations  attainable  with  a  single 
jet  in  the  absence  of  resonances  in  the  load  sup¬ 
porting  system. 

The  assignment  of  a  characteristic  wave 
length  to  the  jet  implies  that  some  periodicity 
occurs  in  the  motion  of  the  stream,  and  one 
would  thus  expect  the  output  to  show  a  tendency 
toward  a  peak  at  a  frequency  f0  such  that 

fo  =  v/\  . 

Examination  of  individual  runs  for  evidence  of 
such  a  peak  is  inconclusive. 

The  principal  conclusions  of  this  experimental 
program  may  be  drawn  from  Figure  7,  in  which 
the  ratio  of  rms  acceleration  in  the  frequency 


band  1,000  to  10,000  cps  to  the  quantity  pAv2/M 
is  plotted  as  a  function  of  the  characteristic 
frequency  of  the  jet.  It  appears  that  the  criterion 
deduced  above, 


may  be  useful  in  predicting  the  maximum  output 
for  any  given  jet  and  load  parameters,  since  the 
great  majority  of  the  data  falls  below  this  value. 

Two  limitations  are  probably  necessary  if 
the  output  of  the  vibrator  is  to  approach  this 
maximum  value.  These  are: 

1.  The  characteristic  frequency  of  the  jet 
should  be  in  or  near  the  frequency  band 
of  interest, 

2.  Secondary  atomization  should  be 
negligible. 

This  is  the  disintegration  of  the  jet  into  drops 
much  smaller  than  those  considered  above  and  is 
caused  by  friction  with  the  ambient  atmosphere. 

It  may  be  easily  shown  that  the  breakup  of 
the  single  drop  considered  above  into  n  equal 
drops,  effectively  increases  Atj/At2  by  a  factor 
n2/3,  even  when  the  energy  loss  associated  with 
this  friction  is  neglected.  This  reduces  the  nu¬ 
merical  equation  for  maximum  output,  which 
becomes,  for  example  for  n  =  2: 


a  .  0.71  ^ 

rms  M 
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Figure  7  -  Liquid  jet  experimental  results  plotted  to  show 
their  relation  to  the  criterion:  armj  »  1.2  pAv2/M 
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APPENDIX  A 


Nomenclature: 


Subscripts: 


A(x)  =  Displacement  function 


1  -  Medium  1,  magnetostrictive 


B  =  Incremental  flux  density,  gauss 

C  =  Velocity  of  sound,  cm/sec 

Dr  d2,  d3  =  Constants  of  integration 

E  =  Modulus  of  elasticity,  dynes/cm2 

e  =  Base  of  natural  logarithms 

f  ■  Frequency,  cycles/sec 

I  =  Current  through  driving  coil,  ab- 
amperes 

i-VT 

K  »  Wave  number,  cm'1 

L  =  Inductance  of  driving  coil,  abhenrys 

■i  «  Length  of  magnetostrictive  region, 
cm 

m  =  Concentrated  mass  load,  gm 

N  *  Total  turns  of  driving  coil 

P  *  Incremental  stress,  dynes/cm2 

s  =  Incremental  strain,  cm/cm 

v  =  Voltage  applied  to  driving  coil,  ab- 
volts 

z  =  pea ,  gm/sec 


2  -  Medium  2,  nonmagnetostrictive 


The  model  assumed  consists  of  a  length  l  of 
magnetostrictive  material,  rigidly  coupled  at 
x  =  0  to  a  nonmagnetostrictive  material,  and 
at  x  =  -t  to  a  concentrated  mass,  m.  The  cross- 
sectional  areas  of  the  two  materials  are  chosen 
such  that: 

PjCjOj  =  P2^2a2  ~  z* 

The  damping  effect  of  Region  2  is  approxi¬ 
mated  by  restricting  the  solution  in  Region  2  to 
waves  propagating  in  the  negative  x  direction. 

The  problem  is  restricted  to  one  dimension. 

The  equation  of  motion  for  any  elemental 
section  is: 

op  _  afg 

3X  =  P  3t2’  ■  ■ 

In  Region  1, 

P  =  -  XB  +  EjS  (Reference  14), 
and  in  Region  2, 

P  »  E2s. 

Neglecting  leakage  flux  (3b/3x  =  0)  and  since: 


a  =  Acceleration,  cm/sec2 
0  =  Tan'1  z/m'j) 

\  =  Magnetostriction  coefficient, 
dynes/gauss-cm 2  (a  function  of 
static  flux  density) 

S,  =  Displacement  from  equilibrium,  cm 
p  =  Mass  density,  gm/cra3 
a  =  Cross-sectional  area,  cm2 
w  =  Circular  frequency,  rdn/sec 


by  definition,  we  may  obtain 


E  -  o 

1  3x2  1  at2 


and 


02g 

3X2 


P2 


02g 

3t2 


Considering  solutions  of  the  form, 
£  =  A(X)ei£i)t  , 

yields 
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Aj(X)  =  Di  Cos  KiX  +  D2  Sin  KjX  , 
iK  X 

A2(X)  =  D3e  2  (Negative  X  waves  only) 

where 


K  2  -  Pl“2 
Kl  ’  *1 

r2  „  p2u2 
’  2  E2  ‘ 

The  boundary  conditions  to  be  satisfied  are 

(1)  At  X  =  o 

lx  =  52. 

(2)  At  X  =  0 

Plal  =  P2a2  ’ 

(3)  At  x  =  l 

-md2£. 

P.a,  =  - ‘ 

1  1  at2 

Taking  B  =  B'e1^,  and  applying  the  boundary 

conditions, 


Di  -  »3 


D„  «  iD,  + 


XB'a, 


uz 


(1  -  Cos  K.-e  +  5“  Sin  K.-t) 

D  =  XB'a.  - - - f - —  • 

(iwz  -  mw2)(Cos  Kj-t  +  i  Sin  Kj-t) 

These  relations  determine  the  entire  motion 
of  the  rod  or  tube.  We  are  primarily  interested 
in  the  motion  of  the  concentrated  mass,  m,  at 
x  =  /t.  Thus  we  evaluate 

(Ai)x=-t  =  Di  Cos  Ki^  +  P2  sin  Ki^ 

which,  after  some  reduction,  yields 

XB'Oj  (1  -  Cos  Kj-t  +  i  Sin  K^)  ,g 

<Ai)x=f,  ■  - - - - 6 


(i)Z 


1  + 


I  \  2*]^ 
(“)] 


where  0  =  tan-1  ^ . 

The  acceleration  of  the  mass,  m,  is  then  given  by 

<Eh-1 

XB 'OjU  (1-Cos  K^  +  iSinK^)  ,(u)t+0> 

=  ___  -  — ~ *  e 

[‘  *  (“)  ] 

Neglecting  eddy  currents,  the  total  flux  is 
related  to  the  driving  coil  current  by 


and  if  we  neglect  the  resistance  of  the  coil, 
*-&■ 

and  we  obtain 

Xv(  1  -  Cos  Kj't  +  i  Sin  K^) 


(“>x-e  = 


p 

Nz 

1  +  US) 

l  z  /  J 

ei  (o)t  +  0-7c/2) 


from  which  the  constant  voltage  response  of  the 
transducer  may  be  calculated. 

This  calculation  has  been  made  for  a  nickel 
tube  of  0.650-in  O.D.,  0.020-in  wall,  47  in  long 
loaded  with  a  mass  of  25  grams,  operating  near 
magnetic  saturation  (Bo  =  5100  gauss)  with  an 
alternating  driving  •  voltage  of  30  volts  rms. 
Total  number  of  turns  used  was  approximately 
600.  We  have 


X  -  (-20)(103) 

'  ''  '  gauss-cm^ 


v  =  42(10® )  abvolts, 
N  =  600  tuns, 


(3) 


z  =  p1C1a1  =  (8.7)(5)(10s)(0.5)  =±  13.05(10s) 
gm  cm3 


sec 


m  =  25  grams, 
l  »  120  cm. 

Since  the  phase  relation  between  the  acceleration 
and  the  impressed  voltage  is  not  of  particular 
interest  the  calculation  may  be  simplified  to 
yield  only  the  magnitude  of  a: 


Xv 


Nz  1  + 


V2  ( 1  -  Cos 


Inserting  numerical  values,  and  expressing  in 
terms  of  frequency  f, 

|a  1  ‘ a » i.~4s ao°»)a~)«  l1  •  ^ i»- 5 

This  equation  is  plotted  in  Figure  3  (solid 
curve). 
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DISCUSSION 


Klingener,  Sonotone  Corp:  I  would  like  to  know 
the  audio  power  required  to  drive  the  magneto¬ 
striction  vibrator? 

Barnes:  We  use  a  30-watt  amplifier.  In  our 
preliminary  work  there  were  occasions  when 
we  blew  fuzes  on  this  amplifier,  but  we  haven't 
done  this  lately. 

Swartz,  RCA,  Camden:  I  notice  on  that  frequency 
response  figure  that  there  seem  to  be  very  few 


frequencies  showing  up  at  the  lower  end  of  the 
spectrum.  Is  that  a  limitation  of  this  jet  sys¬ 
tem  and  if  so  how  much  of  a  low-frcquency 
response  can  you  get? 

Barnes:  The  frequency  there  is  a  characteristic 
frequency  of  the  jet,  which  is  perhaps  a  some¬ 
what  fictional  quantity.  There  are  frequencies 
as  low  as  four  or  five  hundred  cycles  present  in 
the  actual  vibration  ofthejet.  Wehaven't  meas¬ 
ured  much  below  this  because  we  have  used 


a  wave  analyser,  with  the  widest  band  width  we 
could  in  order  to  try  to  get  some  average  value 
for  the  spectral  density.  I  am  not  sure  that 
some  of  the  assumptions  we  used  in  elucidating 
the  data  are  much  good  below  500  cps.  If  you 
use  narrower  band  widths,  the  meter  starts 
jumping  around  and  it's  very  difficult  to  obtain 
any  really  significant  reading. 

Orlacchio,  Gulton  Mfg.  Corp:  We  have  been 
playing  around  with  vibrators  for  some  time 
and  have  built  a  crystal  vibrator  that  does  have 
fairly  good  characteristics.  One  of  the  prob¬ 
lems  we  always  have  with  this  type  is  to  keep  it 
compact  so  that  we  don't  get  any  standing  waves. 
Because  of  its  length  you  probably  do  get  a 
standing  wave  pattern  in  your  vibrator,  but  the 
one  we  have  been  playing  with  is  only  about  2-in 
long.  It  is  a  crystal  type  piezoelectric  vibrator 
which  can  be  loaded  up  to  two  or  three  ounces 
on  each  side.  It  works  out  fairly  well.  We  have 
been  able  to  get  a  flat  frequency  response  from 
1,000  to  about  9,000  cycles,  within,  I  would  say, 
plus  or  minus  10  percent.  However,  the  prob¬ 
lem  here  has  been  the  matter  of  calibration. 
We  have  been  using  the  interferometer  tech¬ 
nique  and  have  found  that  it  worked  out  very 
nicely.  I  would  like  to  get  your  comments  on 
how  you  calibrated  your  output. 

Barnes:  The  measurements  are  within,  I  think, 
a  reasonable  degree  of  engineering  accuracy. 
They  are  probably  not  good  enough  to  satisfy  a 
real  scientist.  The  calibration  was  not  actually 
accomplished.  We  used  the  accelerometers 
which  were  loaned  to  us  by  the  Diamond  Ord¬ 
nance  Fuze  Laboratories.  These  were  cali¬ 
brated  on  their  electrodynamic  vibrator  with 
which  they  have  had  a  good  deal  of  experience. 
They  were  calibrated  at  low  frequencies  with 
pretty  good  accuracy.  Then  their  output  was 
observed  on  a  panoramic  wave  analyzer  at  fre¬ 
quencies  up  to  5,000  cps.  They  appeared  pretty 
flat  in  this  range  so  we  extrapolated  these  data 
to  10,000  cps. 

I  would  also  like  to  mention  here  that  the 
standing  waves  in  this  vibrator  are  really  not  a 
problem.  The  purpose  of  the  termination  is  to 
absorb  the  energy  which  might  produce  such 
standing  waves.  There  are  a  number  of  other 
things  we  could  do  to  make  even  the  theoretical 
output  of  this  vibrator  much  flatter  than  it  is. 

Christensen,  Firestone:  Do  you  have  any  con¬ 
trol  of  the  frequencies  you  get  with  the  jet,  or 
is  it  just  happenstance  ? 

* 


Barnes:  I  don't  think  we  have  enough  data  to 
indicate  that  we  have  much  control. 

Christensen:  You  spoke  of  the  characteristic 
frequency  of  a  jet.  Do  you  have  a  wide  variety 
of  jets  by  type  or„serial  number  with  which  you 
can  get  certain  patterns  of  frequencies? 

Barnes:  This  characteristic  frequency  is  a 
function  of  the  diameter  of  the  jet  and  the  ve¬ 
locity  of  the  jet.  It  can  be  varied  over  quite  a 
range  with  a  given  jet. 

Edelman,  National  Bureau  of  Standards:  I  won¬ 
dered  why  you  settled  on  the  liquid  jet.  Have 
you  also  considered  things  like  compressed  air, 
superheated  steam,  or  even  gravel  and  sand  as 
a  means  of  getting  a  turbulent  motion? 

Barnes:  I  don’t  think  a  gas  will  actually  do  as 
well  as  a  liquid.  Gravel  or  sand  or  shot,  some¬ 
thing  of  that  sort,  could  do  quite  well. 

Edelman:  You  said  you  terminated  your  magneto 
rod  with  its  characteristic  impedance,  in  order 
to  eliminate  resonances  as  much  as  possible. 
Could  you  give  us  a  rundown  on  how  you  get  at 
the  concept  of  the  characteristic  impedance  of 
a  rod  like  that,  and  how  you  pick  a  given  mate¬ 
rial  to  terminate  an  end? 

Barnes:  The  characteristic  impedance  I  am 
talking  about  is  the  product  of  the  density  of  the 
material,  the  velocity  of  sound,  and  the  cross 
section  area  of  the  rod.  This  comes  out,  I  think, 
pretty  straightforwardly  from  the  differential 
equation  of  motion.  In  order  to  get  a  simple 
solution  it's  very  convenient  to  match  the  im¬ 
pedance  at  this  junction  because  it  eliminates 
reflections.  In  other  words,  the  differential 
equation  shows  you  that  reflections  are  elimi¬ 
nated  when  this  product  is  equal  for  the  two 
materials  of  the  junction. 

DuBois,  Boeing  Aircraft:  What  materials  did 
you  consider  for  your  termination? 

Barnes:  We  actually  used  lead.  As  for  other 
types  of  material,  there  may  be  some  things 
which  are  better  than  lead.  I  think  it's  pretty 
obvious  that  lead  has  quite  high  elastic  losses. 
We  haven’t  carried  out  an  investigation  of  other 
materials.  Lead  was  very  convenient  to  use. 

*  * 


174 


BARIUM  TITANATE  VIBRATORS* 


Seymour  Edelman,  Earle  Jones,  and  Ernest  R.  Smith, 
Diamond  Ordnance  Laboratories 


A  number  of  barium  titanate  vibrators  have  been  built  for  simulating 
vibration  environments.  Any  of  these  vibrators  can  subject  complete 
components  weighing  up  to  10  lb  to  accelerations  of  10  g  from  1,500 
to  15,000  cps.  Greater  accelerations  can  be  reached  at  the  many  axial 
resonances  of  each  vibrator. 


Adequate  laboratory  simulation  of  high- 
frequency  vibration  is  handicapped  by  lack  of 
suitable  vibrators.  It  would  be  desirable  to 
subject  complete  components  to  a  considerable 
fraction  of  the  amplitudes  found  in  the  field  over 
the  entire  frequency  range  of  interest  and  includ¬ 
ing  bands  of  noise  as  well  as  pure  frequency. 

We  are  working  toward  this  goal  for  loads  of 
the  order  of  10  lb  and  the  frequency  range  from 
1,000  to  20,000  cps  and  we  have  reason  to  hope 
for  success  within  a  few  years.  However,  our 
present  state  of  progress  is  typified  by  the 
vibrators  shown  in  the  Figure.  Barium  titanate 
cylinders  like  those  labelled  2  and  4  were  made 
into  the  vibrators  labelled  1  and  3,  respectively, 
by  attaching  a  close-fitting  brass  base  and 
aluminum  shake  table  to  each  with  epoxy  resin. 
Careful  machining  of  the  metal  and  careful 
lapping  of  the  ceramic  are  necessary  to  ensure 
purely  axial  motion. 

The  vibrator  labelled  6  is  intermediate  in 
size  between  1  and  3.  The  vibrator  labelled  5 
illustrates  the  type  of  construction  we  think 
shows  most  hope  for  the  future.  The  barium 
titanate  element  consists  of  disks  cemented 
together  with  conducting  epoxy  resin.  It  is  very 
stiff  and  not  affected  much  by  the  size  of  the 
load  but,  since  it  is  so  short,  the  best  output  is 
in  the  ultrasonic  range.  To  lower  the  range  of 


Figure  1  -  NBS  barium  titanate  vibrators 


effective  operation  the  barium  titanate  portion 
must  be  longer;  to  provide  low  compliance  to 
flexure  it  must  be  larger  in  diameter.  So  far, 
we  have  not  succeeded  in  finding  large  diameter 
disks  with  sufficiently  flat  parallel  sides  and 
sufficiently  homogeneous  in  behavior.  A  number 
of  commercial  suppliers,  however,  are  working 
on  the  problem  and  we  hope  for  a  solution  soon. 


*This  work  was  sponsored  by  the  Diamond  Ordnance  Laboratories,  Ordnance  Corps,  Department  of 
the  Army. 


The  type  of  vibrator  labelled  1  is  the  most 
useful  we  have  available  at  present.  We  have  a 
number  of  similar  cylinders  from  various  sup¬ 
pliers,  These  differ  slightly  in  dimensions, 
composition,  and  behavior.  The  one  shown  in 
the  figure  has  resonances  at  1,500,4,250,  5,650, 
7,300,  8,350,  10,000,  12,000,  and  15,000  cps  and 
antiresonances  at  2,300,  5,300,  6,500,  7,700, 
9,200,  11,000,  and  14,000  cps  when  driving  a 
concentrated  11  lb  load. 

Using  the  power  amplifiers  we  have  available 
and  an  inductance  in  parallel,  it  is  possible  to 
get  at  least  10  g  at  the  antiresonances  and  sev¬ 
eral  hundred  g  at  some  of  the  resonances. 


Since  the  resonances  and  antiresonances  of  the 
other  shakers  of  the  same  type  are  at  different 
frequencies  it  is  possible  to  subject  quite  heavy 
loads  to  large  values  of  acceleration  at  any 
selected  frequency  in  the  range. 

By  using  feed-back  from  a  vibration  pickup 
whose  response  does  not  vary  with  frequency, 
mounted  on  the  shake  table  to  control  the  out¬ 
put  of  the  amplifier,  it  should  be  possible  to 
sweep  through  the  frequency  range  at  the  con¬ 
stant  value  of  acceleration  represented  by  the 
lowest  antiresonance,  about  10  g  for  an  11-lb 
load.  However,  we  have  not  done  this  since  we 
hope  that  the  vibrator  of  stacked  disks  will  solve 
the  problem  more  simply  when  we  get  it. 


DISCUSSION 


Christensen,  Firestone,  Missile  Division:  What 
are  the  pros  and  cons,  the  arguments  between 
these  disc  vibrators  and  the  hollow  cylinders  ? 

Edelman:  The  hollow  cylinders  are  immediately 
available  and  the  discs  are  not.  The  hollow 
cylinders  give  more  motion.  The  discs  are 
much  stiffer  and  are  less  sensitive  to  the  load. 
Even  at  resonances,  applying  a  heavy  load  makes 
much  less  difference  to  a  stack  of  flat  discs 
than  it  does  to  a  hollow  tube.  At  present  the 
only  kind  of  a  stack  we  have  is  the  one  that  was 
shown  in  the  figure.  It  has  a  very  good  high 
range,  around  30  or  50  kc,  but  not  much  down 
in  the  audio  range  where  we  would  like  to  have  it. 

Nitchie,  ORL,  Penn  State:  We  have  used  a  con¬ 
struction  similar  to  the  sandwich  type  for  under¬ 
water  acoustic  transducers.  My  comment  is 
relative  to  the  lapping  of  the  surfaces.  We  found 
that  for  our  purposes  we  could  get  away  with 
machining  on  the  mating  brass  base  an  annular 
ridge  a  very  few  thousandths  high,  which  ensured 
both  mechanical  and  electrical  contact  with  the 
face  of  the  barium  button.  I  seriously  doubt  if 
we  are  getting  as  good  efficiency  as  you  do  with 
the  mutually  lapped  faces.  But  at  frequencies 
below  transverse  resonant  frequencies  of  any 
of  the  components  of  the  sandwich,  we  seem  to 
be  getting  the  whole  signal. 

Edelman:  Well,  we  were  driven  to  this  lapping 
because  when  we  first  started  gluing  pick-ups 
together  we  found  all  kinds  of  funny  bumps  in 
the  response  curve.  Also  we  found  that  we 
could  get  rid  of  these  by  just  making  the  mating 
surfaces  mate  well  enough.  I  can’t  say  any 
more  than  that. 


Barnes,  Atlantic  Research:  I  would  like  your 
opinion  on  just  how  necessary  it  is  to  use  a  con¬ 
ducting  cement. 

Edelman:  Well,  for  many  years  we  didn't  and 
we  got  all  kinds  of  horrified  comments  from 
various  people  because  they  claimed  we  were 
introducing  a  capacity  voltage  divider  that  got 
rid  of  a  lot  of  our  output.  When  the  conducting 
epoxy  became  available  we  started  using  it  and 
it  did  improve  the  output  somewhat.  I  don't 
have  the  figures  on  just  how  much  that  improve¬ 
ment  was,  but  my  impression  is  that  it  was  not 
very  great.  Perhaps  Mr.  Jones  can  say  how 
much  improvement  was  obtained  by  going  from 
a  nonconducting  to  a  conducting  epoxy? 

Jones:  The  major  advantage  was  an  increase 
in  the  capacity.  If  you  had  a  high- impedance 
voltmeter  set  up  it  didn't  amount  to  very  much. 
The  open-circuit  voltage  remained  about  the 
same. 

Hawkins,  Sperry  Gyroscope:  What  type  of  elec¬ 
trical  equipment  is  needed  to  drive  these  vibra¬ 
tion  exciters? 

Edelman:  We  have  been  using  a  Macintosh  251 
amplifier  with  a  varied  assortment  of  output 
transformers.  Also  we  have  been  dickering 
with  and  trying  to  get  some  good  output  trans¬ 
formers  made  up  for  us.  The  problem  is  that 
at  these  high  frequencies  there  is  nothing  avail¬ 
able  to  give  a  lot  of  power  and  a  good  impedance 
match.  So  we  have  been  using  this  251  amplifier 
and  trying  various  transformers  in  the  output 
stage.  Then  we  also  use  a  coil,  a  conductance 
with  a  lot  of  taps  on  it  at  each  frequency,  to 
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adjust  to  electrical  resonance  between  the  coil 
and  the  capacitance  of  the  shaker.  In  this  way 
we  get  rid  of  a  lot  of  harmonics  and  we  also  pre¬ 
sent  a  higher  impedance  to  the  power  amplifier. 

Hawkins:  Are  high  voltages  required ? 

Edelman:  Yes,  the  voltage  is  the  main  thing 
with  the  barium  titanate.  That  is,  it  takes  volt¬ 
ages  of  the  order  of  a  thousand  volts  or  so  to 
get  the  kind  of  output  I  was  talking  about,  sev¬ 
eral  hundred  g  at  the  resonances. 

Hawkins:  I  have  another  question.  There  is  at 
least  one  manufacturer  who  makes  something 
similar  to  this,  Massa  Laboratories.  They  use, 
I  think,  a  different  type  of  crystal. 

Edelman:  They  use  ADP  length  expanders,  I 
think. 

Hawkins:  Do  you  know  of  any  differences  be¬ 
tween  the  type  of  vibrating  that  you  are  de¬ 
scribing  at  that  type  of  thing? 

Edelman:  I  believe  that  theirs  are  made  up  of 
a  number  of  ADP  length  expanders  side  by  side, 
and  they  are  very  good  shakers  for  light  loads. 
But  they  are  not  capable  of  vibrating  heavy  loads 
of  the  order  of  10  lb  or  so  unless  Massa  has 
changed  things  recently.  I  am  not  sure  just 
what  their  present  outlook  is. 

Siegelman,  American  Machine  and  Foundry  Co: 
I  was  wondering  what  control  you  exercised 
over  the  dimensions  of  the  outer  radii  to  assure 
maximum  deflection  in  the  axial  direction.  I 
know  that  in  the  past  it  hasn't  been  possible  to 
get  from  the  manufacturers  transducers  of  the 
exact  dimensions  we  would  like  to  get. 

Edelman:  As  far  as  the  shakers  are  concerned, 
we  don't  exercise  any  control  at  all.  We  take 
what  we  can  get.  The  eccentricity  doesn't  seem 
to  matter  too  much  with  the  shakers.  We  are 
not  bothered  by  axial  resonances.  As  long  as 
we  have  axial  resonances  we  make  use  of  them. 
There  was  one  manufacturer  who  provided  us 
with  a  very  nicely  rounded  cylinder.  But  it  was 
not  as  free  of  flexural  motion  as  some  we  got 
from  other  manufacturers  who  were  not  as 
careful  to  give  us  a  nicely  rounded  piece.  We 
think  that  perhaps  the  reason  is  that  when  it  is 
rounded  to  make  it  60  nicely  circular,  in  some 
places  they  took  off  the  outer  layer  which  was 
somewhat  different  in  composition  from  the 
inner  layers,  and  this  affected  its  behavior. 

George,  General  Electric  Co:  Regarding  ex¬ 
ternal  influences  such  as  temperature,  humidity, 


etc.,  do  you  think  you  will  have  much  trouble 
with  this  in  the  future?  Can  you  do  anything 
about  it? 

Edelman:  Humidity  is  no  great  problem.  Tem¬ 
perature  is,  if  barium  titanate  is  used.  How¬ 
ever,  Mason  at  Bell  Laboratories  has  worked 
out  a  number  of  barium  titanate-calcium  mix¬ 
tures  which  have  very  low  change  of  property 
with  change  of  temperature.  Mason  has  pub¬ 
lished  this  thing  in  "Acoustica,"  I  think,  and 
somewhere  else,  "Proceedings  of  the  IRE,"  and 
you  can  find  it  there.  And  there  are  also  newer 
compounds  coming  out,  lead-zirconium-titanates, 
and  similar  things  which  are  all  directed  towards 
this  kind  of  problem.  They  are  flat  over  wider 
temperatures  and  they  work  to  higher  temper¬ 
atures  than  barium  titanate. 

Gorton,  Pratt  and  Whitney:  We  used  these  ADP 
crystal  shakers  but  for  our  purposes  with  a  rel¬ 
atively  high  load  trying  to  excite  a  small  object 
at  resonance,  they  are  limited  apparently  by  the 
mechanical  strength  of  the  crystal,  either  that 
or  a  flash  over— you  raise  the  voltage,  it  flashes 
over  or  somebody  tells  you  to  stop  because  the 
crystal  is  liable  to  break.  What  is  this  limit  in 
the  barium  titanate  as  you  raise  the  voltage? 

Edelman:  Well,  we  haven't  reached  the  limit. 
Our  limit  has  been  the  power  amplifier.  We 
haven't  been  able  to  do  any  damage  mechanically 
or  electrically.  We  have  damaged  a  couple  of 
ADP  accelerometers  by  shaking  them  too  hard, 
but  the  barium  titanate  is  far  stronger  both 
electrically  and  mechanically  than  the  ADP. 

Schloss,  David  Taylor  Model  Basin:  I  had  occa¬ 
sion  to  use  the  ADP  exciters  produced  by  Massa 
for  testing  of  mountings,  and  as  a  matter  of  fact, 
I  was  using  a  static  load  of  about  400  to  500  lb 
because  the  mechanical  impedance,  especially 
at  the  higher  frequencies,  is  very  low.  But  for 
the  lower  frequencies,  so  as  not  to  run  into 
trouble  with  noise,  I  have  gone  to  10,000  volts. 
And,  as  a  matter  of  fact,  I  was  only  using  about 
a  30-watt  amplifier  together  with  some  very 
cheap  transformers  which  I  connected  up,  all 
the  primary  ones  in  a  series  and  all  the  sec¬ 
ondary  ones  in  a  series.  In  that  way  I  could 
have  got  up  to  about  15,000  volts.  But  I  believe 
the  maximum  voltage  was  only  10,000  volts.  I 
couldn't  get  that  voltage  at  the  higher  frequen¬ 
cies,  but  I  didn't  need  it  then,  and  to  eliminate 
the  trouble  from  some  of  the  sources  which  I 
did  get  from  the  output  at  the  lower  frequencies, 
I  used  the  narrow-band  analysis. 

Edelman:  That  is  very  interesting. 
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Stooksberry,  Case  Institute:  I  was  wondering 
what  set  the  minimum  on  your  frequency  range. 
There  I  realize  you  are  interested  in  the  higher 
frequencies,  but  why  couldn't  you  extend  it  clear 
down  to  hundreds  of  cycles  or  even  lower? 

* 


Edelman;  Well,  mostly  because  we  are  inter¬ 
ested  in  acceleration.  Displacement  is  obtained 
right  down  to  DC,  but  at  low  frequencies  the 
amount  of  acceleration,  that  can  be  gotten  from 
barium  titanate  drivers  is  very  small. 

*  * 


A  STEP  FUNCTION  ACCELERATION  MACHINE 
FOR  LIGHT-WEIGHT  TEST  SPECIMENS 


George  W.  Schatz,  Hughes  Aircraft  Co. 


This  paper  describes  an  inexpensive  shock  machine  developed  for  test¬ 
ing  light  weight  items.  The  shock  pulse  obtained  is  approximately 
square-wave  and  a  somewhat  novel  arresting  media  of  lead  and  plastic 
is  employed. 


Present-day  commercial  shock  machines 
are  generally  adequate  for  the  loading  functions 
and  load  capacities  required  for  the  majority  of 
design  test  applications.  Though  the  dynamic 
response  of  these  machines,  especially  the 
medium-  and  high-impact  variety,  is  quite 
random  and  erratic,  the  characteristic  wave¬ 
form  (usually  obtained  with  a  high  degree  of  fil¬ 
tering)  is  such  that  the  pulse  amplitude  and 
total  energy  content  conform  to  applicable  design 
or  specification  requirements.  Experience 
indicates  that  machines  of  this  type  have  proved 
most  useful  in  ensuring  structural  adequacy  of 
airborne  and  transport  equipment  items. 

There  are  many  instances,  however,  where 
sufficient  design  information  may  not  be  obtained 
with  commercial  shock  facilities.  Such  is  cer¬ 
tainly  the  case  where  the  dynamic,  response  of 
a  test  object  to  a  specific  and  well  defined  forc¬ 
ing  function  is  of  primary  importance  rather 
than  merely  the  test  object' s  structural  adequacy. 
A  detailed  example  of  such  a  condition  is  the  test 
application  for  which  the  proposed  machine  was 
originally  developed.  Here  the  shock  machine 
was  to  provide  the  following  characteristics: 

1.  The  machine  was  to  be  capable  of  subject¬ 
ing  the  test  specimen  to  a  constant  ampli¬ 
tude  acceleration  at  any  specified  value 
between  two  and  ten  g.  The  amplitude 
could  not  vary  more  than  ±  ten  percent 
from  the  specified  nominal  value. 


2.  The  duration  of  the  acceleration  pulse  at 
the  specified  amplitude  was  to  be  at  least 
30  milliseconds. 

3.  The  rise  time  of  the  pulse  (the  time  for 
the  leading  wave  front  to  go  from  0  to  the 
specified  amplitude)  could  not  be  greater 
than  3.0  milliseconds. 

4.  The  foregoing  requirements  were  to  be 
met  for  a  test  specimen  weight  of  up  to 
three  lb  and  with  an  over-all  instrumenta¬ 
tion  flat  frequency  response  from  0  to 
500  cps. 

In  recent  years,  many  attempts  have  been 
made  to  develop  shock  machines  capable  of 
meeting  requirements  such  as  these.  Notable 
success  has  been  achieved  with  machines  which 
utilize  hydraulic  fluids  to  arrest  the  motion  of 
a  freely  falling  test  specimen.  However,  low- 
impact  hydraulic  machines  were  not  available 
commercially  and  their  complexity  and  expense 
precluded  the  development  and  construction  of 
a  machine  of  this  type  for  limited  laboratory 
usage. 

Basically  all  shock  machines  presently  used 
may  be  divided  into  two  categories: 

•  One,  where  the  test  specimen  is  secured  to 
a  mounting  fixture  or  table  and  the  fixture 
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or  table  is  given  a  prescribed  motion  to 
produce  the  desired  acceleration. 

•  Second,  a  type  which  uses  a  table  or  elevator 
which  is  set  into  motion  by  free  fall  or  by 
a  gradual  application  of  force  and  then  is 
brought  rapidly  to  rest  by  allowing  the 
elevator  or  table  to  strike  a  fluid,  solid, 
or  semisolid  material. 

Previous  experience  with  machines  of  both 
types  and  of  widely  varying  construction  indi¬ 
cated  two  important  characteristics.  Machines 
of  the  first  category  were  of  such  a  structural 
or  mechanical  nature  that  their  output  appeared 
to  be  predominantly  composed  of  random  vibra¬ 
tions.  The  free-fall  machines,  on  the  other 
hand,  were  generally  unsuitable  for  the  produc¬ 
tion  of  a  constant  acceleration;  however,  they 
were  for  the  most  part  much  less  complex  and 
seemed  to  offer  the  best  possibilities  for  mini¬ 
mizing  waveform  distortion  due  to  structural 
vibrations.  For  this  reason,  a  machine  com¬ 
mon  to  the  latter  category  was  selected  as  most 
practicable  for  the  impulse  characteristics, 
specified  above. 

When  used  for  small  test  specimens,  the 
design  and  construction  of  the  elevator  and  its 
supporting  structure  is  relatively  simple  for  a 
machine  of  this  type  and,  as  a  consequence, 
complete  attention  could  be  given  to  the  proper 
choice  and  utilization  of  the  arresting  media. 
Elastic  arresting  materials  were  immediately 
excluded  since  the  resulting  forces  and  hence 
the  acceleration  would  be  proportional  to  the 
displacement  during  impact  rather  than  a  con¬ 
stant.  Likewise  granular  materials,  such  as 
sand,  were  excluded  since,  although  far  superior 
to  elastic  materials  for  generating  constant 
acceleration,  they  nevertheless  produce  a  re¬ 
tarding  force  which,  probably  due  to  impaction, 
is  largely  dependent  upon  the  displacement.  The 
use  of  friction  devices,  such  as  brake  bands, 
was  excluded  for  the  same  reasons  as  were 
hydraulic  devices,  namely,  design  complexity 
and  expense. 

Obviously,  the  most  direct  solution  to  a  suit¬ 
able  material  for  a  step  or  constant  accelera¬ 
tion  drop  machine  would  be  a  material  which 
deforms  plastically  under  impact.  The  most 
significant  objection  to  such  a  material  is  the 
probability  of  viscous  or  strain- rate  effects 
influencing  the  waveform  during  the  initial  phase 
of  contact.  Due  to  the  fact  that  some  degree  of 
success  in  producing  short-duration  square 
wave  accelerations  had  been  attained  with  com¬ 
mercial  machines  which  used  a  steel  punch  to 
penetrate  a  block  of  lead,  lead  was  decided  upon 


as  the  first  material  to  be  tried.  Since  a  long- 
duration,  as  well  as  a  constant  acceleration  was 
required,  a  simply  supported  lead  beam  was 
used  rather  than  a  block  of  lead  and  a  penetrat¬ 
ing  device.  The  beam  was  so  supported  that  a 
deflection  of  approximately  two  inches  at  the 
center  span  was  possible,  thus  allowing  un¬ 
usually  long  durations  at  low-acceleration 
amplitudes. 

The  result  of  early  experiments  showed  that 
after  initial  contact  the  amplitude  of  the  shock 
pulse  was,  for  all  practical  purposes,  constant. 
However,  the  leading  wave  front  was  extremely 
steep  and  was  composed  of  high-amplitude,  high- 
frequency  vibration  lasting  about  three  milli¬ 
seconds.  It  is  believed  that  this  vibration  was 
excited  primarily  by  the  coincidence  of  the  steep 
wave  front  with  the  dominant  structural  modes 
of  the  machine. 

Further  experimentation  resulted  in  the  use 
of  a  dough-consistency  plastic  which,  when 
placed  between  the  bottom  of  the  elevator  and 
the  beam,  acted  to  control  the  rise  time  of  the 
pulse  in  such  a  way  that  the  resonant  modes  of 
the  machine  were  not  significantly  disturbed. 
A  convenient  plastic  was  found  to  be  available 
in  the  form  of  cylindrical  pellets  1-in  long 
and  1-1/2-in  in  diameter.  These  were  obtained 
in  this  form  from  the  Presstite  Engineering 
Company,  St.  Louis,  Mo.  The  beams  used  were 
4-in  wide  and  1/4-in  thick.  Using  the  above 
pellets  and  lead  beam,  the  results  illustrated  in 
Figures  1  through  4  were  obtained.  Though  the 
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Figure  2 


DROP  HEIGHT  -  17  INCHES 
DISTANCE  BETWEEN  BEAM 
SUPPORTS-  6  1/2  INCHES 
FREQUENCY  RESPONSE' 
.002-500  CPS 


Figure  3 


excellent  rise-time  characteristics  provided  by 
the  beam  alone  were  necessarily  sacrificed 
somewhat,  these  figures  show  that  both  the  am¬ 
plitude  and  rise-time  characteristics  of  the 
pulse  are  considerably  better  than  the  first 
three  requirements. 

It  is  also  interesting  to  note  that  the  form  of 
the  trailing  wave,  especially  at  the  higher  accel¬ 
eration  levels,  is  such  that  the  total  impulse 
approximates  a  square  wave  quite  well.  Fig¬ 
ures  1  and  2  were  obtained  with  Consolidated 
Engineering  Recording  oscillograph  equipment 
and  Figures  3  and  4  with  a  Polaroid  Land  Cam¬ 
era  and  Dumont  Oscilloscope.  In  all  cases,  the 


DROP  HEIGHT  -  17  INCHES 
DISTANCE  BETWEEN  BEAM 
SUPPORTS-  6  1/2  INCHES 
FREQUENCY  RESPONSE- 
.002-500  CPS 


Figure  4 


transducer  and  the  excitation  for  the  transducer 
were  the  same,  namely  a  model  ASA- 100- 200 
Statham  strain  gage  accelerometer  and  a  Con¬ 
solidated  Engineering  carrier  amplifier  system. 

Figure  5  illustrates  the  general  configuration 
of  the  machine  and  shows  the  relative  positions 
of  the  elevator,  the  plastic,  and  the  lead  beam 
prior  to  impact.  The  elevator  and  the  vertical 
standoff,  which  is  welded  directly  to  the  top 
center  of  the  elevator,  are  constructed  of  alu¬ 
minum.  In  initial  applications,  the  test  specimen 
was  secured  to  one  face  of  the  standoff  and  the 
acceleration  transducer  to  the  other  face.  A 
tee-shaped  tup  with  a  cylindrical  striking  edge 
is  screwed  into  the  bottom  center  of  the  elevator 
and  is  the  only  portion  of  the  elevator  assembly 
which  contacts  the  plastic.  The  tup  is  so  oriented 
that  its  striking  edge  is  parallel  to  the  surface 
of  the  beam  and  perpendicular  to  the  beam's 
longitudinal  center  line.  With  this  arrangement, 
tups  having  different  striking  edge  configura¬ 
tions  maybe  used  to  alter  the  shape  of  the  lead¬ 
ing  wave  front,  if  so  desired,  without  resorting 
to  changes  in  any  of  the  other  drop  parameters. 

A  structure  for  supporting  the  lead  beam  is 
bolted  directly  to  the  base  of  the  drop  machine. 
This  device  consists  of  two  knife  edges  which 
are  carried  in  milled  slots  and  which  are  sepa¬ 
rated  and  adjusted  by  means  of  a  threaded  rod. 
When  the  distance  between  the  knife  edges  has 
been  set  to  the  required  value,  the  knife  edges 
may  be  locked  into  position  with  set  screws. 
Details  of  the  tup  and  beam  supporting  struc¬ 
ture  are  illustrated  in  Figure  6. 

A  plate  with  a  microswitch  attached  is  also 
shown  in  the  figures.  This  switch  is  used  to 
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Figure  5  -  General  configuration  of  step-function  accelera¬ 
tion  machine  for  testing  light-weight  material 


trigger  a  dual  beam  oscilloscope  (when  used) 
just  prior  to  impact.  In  this  way,  a  permanent 
record  of  the  acceleration  input  to  the  test  object 
as  well  as  the  test  object's  electrical  response 
to  the  impulse  may  be  obtained. 

Proper  orientation  of  the  elevator  assembly 
relative  to  the  beam  is  maintained  by  two  ver¬ 
tical  guide  bars  over  which  slide  two  bronze 
bushings  pressed  into  opposite  corners  of  the 
elevator.  The  elevator  may  be  maintained 
at  a  sufficient  height  to  allow  adjustments  of 
the  pellet  and  beam  to  be  made  by  using  a  ver¬ 
tical  rest  positioned  between  the  elevator  and 
the  base  of  the  machine  as  shown  in  Figure  5. 
If  the  combined  weight  of  the  elevator  and  test 
specimen  is  not  excessive,  a  rest  equal  in  length 
to  the  desired  drop  height  may  be  used.  In  such 
a  case,  the  elevator  may  be  held  for  a  brief 
moment  after  the  rest  is  removed  and  then 
released  by  hand. 


The  entire  machine  is  approximately  28-in 
high  and  occupies  a  floor  or  bench  space  of 
approximately  14  x  20  in.  The  maximum  drop 
height  is  18  in. 

The  present  machine  was  developed  for  very 
specific  and  limited  test  purposes.  As  a  con¬ 
sequence,  certain  inconveniences  associated 
with  the  operation  of  the  machine  were  not  given 
a  great  deal  of  attention.  For  example,  each 
time  a  drop  is  completed,  the  lead  beam  must 
be  removed  and  straightened,  either  by  hand  or 
in  a  suitable  press.  The  encumbrance  of  a  lead 
beam  of  sufficient  capacity  to  produce  the  same 
amplitude  and  duration  characteristics  on  large 
specimens  as  have  been  produced  for  the  light¬ 
weight  specimens  (5  lb  or  less)  tested  thus  far 
would  be  intolerable. 
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It  will  also  be  noticed  from  the  differences 
between  Figures  1  and  2,  and  Figures  3  and  4, 


Figure  6  -  Tup  and  beam-supporting  structure 
of  step -function  acceleration  machine 


that  the  waveform  is  not  entirely  independent  of 
the  test  object.  However,  the  test  object  related 
to  Figures  3  and  4  was,  for  the  most  part,  inert 
while  the  specimen  related  to  Figures  1  and  2 
consisted  of  a  number  of  spring  mass  systems. 
Also,  the  wider  band  pass  used  in  Figures  1  and 
2  is  undoubtedly  a  contributing  factor  to  these 
differences. 

Attempts  to  deviate  significantly  from  the 
amplitude  and  duration  values  expressed  previ¬ 
ously  will  generally  result  in  tedious  calibra¬ 
tion  programs  and  the  use  of  beam,  pellet,  and 
tup  configurations  substantially  different  from 
those  presented  here.  In  addition,  the  protec¬ 
tion  of  plastic  material  from  age  hardening  and 

* 


distortion  is  difficult  and  yet  vital  to  a  proper 
leading  wave  shape  and  reproducibility. 

The  results  of  environmental  testing  on 
which  the  machine  has  been  employed  for  over 
two  years  indicate  many  advantages  and  features 
not  obtainable  with  present  commercial  ma¬ 
chines.  The  more  significant  features  are: 

1.  The  shock  is  produced  with  simple  and 
inexpensive  apparatus.  The  construction 
details  illustrated  in  Figures  5  and  6 
should  give  a  good  indication  of  the  ma¬ 
chine's  inexpense  relative  to  existing 
precision  acceleration  machines. 

2.  The  shock  pulse  is  simple  in  nature  and 
capable  of  being  specified  by  a  simple 
mathematical  curve.  Such  waveforms 
permit  ease  of  interpretation  of  results 
and  mathematical  analysis  of  the  test 
specimen's  response. 

3.  The  shock  is  uniformly  reproducible,  i.e., 
repetitive,  and  reasonably  independent  of 
the  test  specimen.  Uniform  reproduci¬ 
bility  is  especially  significant  in  that  re¬ 
sults  obtained  on  different  test  objects 
and  in  different  test  laboratories  may  be 
easily  compared. 

The  results  of  tests  performed  in  an  effort 
to  extend  the  capabilities  of  the  machine  beyond 
the  two  to  ten  g  range  specified  above  have 
shown  that  amplitudes  in  excess  of  20  g  with 
durations  of  20  milliseconds  and  amplitudes 
less  than  2  g  with  durations  in  excess  of  100 
milliseconds  or  any  consistent  combination  of 
amplitude  and  duration  within  these  limits  can 
be  produced  with  the  present  apparatus. 

In  conclusion,  though  significant  disadvan¬ 
tages  exist,  it  is  felt  that  the  principal  objec¬ 
tive  in  discussing  a  machine  of  this  nature  is 
not  to  present  an  inexpensive  and  compact 
square-wave  impulse  device  of  universal  appli¬ 
cation  but  rather  to  show  what  can  be  obtained 
with  arresting  media  which  deform  inelastically 
and  which  possess  the  damping  or  energy  dis¬ 
sipation  capacity  comparable  to  that  exhibited 
by  the  plastic  and  lead  utilized  in  the  present 
machine. 

* 
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DETERMINATION  OF  TERRIER  SHOCK 
AND  VIBRATION  ENVIRONMENT 


A.  Fine,  T.  Whiteley,  D.  Bell,  and  M.  Buus,  NOL,  Corona 


A  TERRIER  Missile  was  fired  in  a  captive  test  stand  and  later  in  free 
flight.  The  shock  and  vibration  information  obtained  was  reduced  by 
analogue  and  digital  methods.  A  description  of  the  test  stand  is  given 
and  comparisons  of  the  shock  and  vibration  information  are  made.  The 
problems  are  summarized  together  with  suggestions  for  the  future 
program. 


INTRODUCTION 


In  order  to  determine  the  environment  induced 
in  the  TERRIER  Missile  by  sustainer  burning, 
it  was  decided  that  the  restrained  firing  or  cap¬ 
tive  test  would  be  used.  In  a  captive  test  pro¬ 
gram,  the  missile  is  not  expended,  and  it  can  be 
used  several  times  by  simply  supplying  new 
sustainer  motor  units.  The  shock,  vibration, 
and  temperature  data  can  be  obtained  during 
the  sustainer  burning  with  all  the  components 
of  the  missile  system  functioning.  The  same 
missile,  termed  the  Vibration  Analysis  Vehicle 
(VAV),  was  subsequently  expended  in  a  free- 
flight  test.  The  telemetered  environmental  data 
obtained  from  the  VAV  could  be  compared  with 
the  data  from  the  captive  test,  and  thereby  the 
degree  of  correlation  of  the  data  could  be 
determined. 

The  Captive  test  and  VAV  programs  were 
established  by  the  Bureau  of  Ordnance  as  a  joint 
effort  under  the  technical  direction  of  Convair, 
Pomona,  with  participation  by  U.  S.  Naval 
Ordnance  Laboratory,  Corona,  Calif.,  and  U.  S. 
Naval  Ordnance  Test  Station,  China  Lake,  Calif. 
U.  S.  Naval  Air  Missile  Test  Center,  Pt.  Mugu, 
Calif.,  contributed  a  great  deal  of  help,  infor¬ 
mation,  and  experience  to  the  Captive  test  pro¬ 
gram  of  the  TERRIER  missile. 


AIR-SPRING  AND  CAPTIVE  STAND 


In  the  Captive  test  program,  the  thrust  was 
neutralized  by  means  of  an  air-spring  or  air- 
buffer.  This  air-spring  was  a  modified  oleo- 
strut.  The  modifications,  as  shown  in  Figure  1, 
were  made  by  U.  S.  NAMTC,  Pt.  Mugu. 

Since  there  was  some  concern  whether  or 
not  the  TERRIER  Missile  skin  would  tolerate 
the  forces  exerted  upon  it,  a  special  adapter 
was  made  to  strengthen  the  nose  of  the  missile, 
as  shown  in  Figure  1.  This  adapter  was  fas¬ 
tened  to  the  missile  by  means  of  set  screws.  A 
hole  was  provided  to  permit  the  entry  of  an 
electrical  cable  to  the  forward  section  of  the 
missile  for  instrumentation.  Tests  were  per¬ 
formed  to  determine  if  a  load  acting  perpen¬ 
dicularly  to  the  piston  arm  would  cause  binding 
of  the  piston,  however,  no  tendency  to  bind  was 
indicated. 

The  test  stand  was  made  as  two  separate 
structures;  one  to  support  the  missile,  and  the 
other  to  withstand  the  thrust  of  the  sustainer 
motor.  Each  was  constructed  of  12  x  12-in 
timbers  anchored  in  concrete.  The  missile 
was  fastened  to  the  support  stand  by  8  nylon 
ropes  which  were  attached  as  follows:  4  to  the 
forward  section  at  Station  45;  4  to  the  rear 
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Figure  3  -  Missile  suspension  system 


Figure  4  -  Thrust  stand 

motor,  and  eject  water  into  the,  blast  tube  to 
lower  the  temperature,  thus  preventing  transfer 
of  heat  that  would  damage  adjacent  components. 


INSTRUMENTATION 

The  standard  missile  configuration  was 
modified  to  include  twelve  barium  titanate  accel¬ 
erometers  as  well  as  the  associated  amplifiers 
and  electrical  wiring-located  at  various  stations 
throughout  the  missile.  The  exercise  warhead 
contained  3  Rosen  Model  960  crystal-controlled, 
frequency-modulated  transmitters  in  a  specially 
built  package.  The  3  RF  outputs  were  coupled 
by  a  Bendtx  Quadruplex  Unit  TNC-10  to  the 
waveguide  and  antenna  on  missile  fin  No.  4. 
The  9  Rosen  Model  957  subcarrier  oscillators, 
associated  with  the  warhead  telepack,  were  used 
for  the  3  forward  instrumentation  locations.  At 
each  of  the  3  general  station  locations,  3  accel¬ 
erometers  were  mounted  with  axes  in  mutually 
perpendicular  planes.  Convenient  structural 
members  were  used  in  mounting  the  accelerom¬ 
eters.  The  standard  Rosen  telepack,  in  the  mis¬ 
sile  boattail,  was  used  for  the  3  accelerometers 
located  in  the  aft  section. 

In  each  of  the  4  telepack  transmitters,  the 
70-kc  subcarrier  oscillator  channels  were  used 
for  the  longitudinal  accelerometers,  the  40-kc 
subcarrier  channels  were  used  for  "B"  wing 
accelerometers,  and  the  22-kc  subcarrier  chan¬ 
nels  were  used  for  the  "A"  wing  accelerometers. 
"Longitudinal"  means  that  the  sensitive  axis  of 
the  accelerometer  was  parallel  to  the  longitu¬ 
dinal  axis  of  the  missile.  "A"  wing  and  "B"  wing 
mean  that  the  sensitive  axes  of  the  accelerom¬ 
eters  were  parallel  to  the  corresponding  axes 
of  the  wing  rotation. 

Figure  5  shows  the  orientation  and  station 
location  of  the  instrumentation  accelerometers. 
In  one  of  the  tests,  the  3  accelerometers  in  the 
forward  section  were  Endevco  Model  2203  and 
the  remaining  9  accelerometers  were  Glenite 
Model  A-320T,  and  in  another  test  they  were  all 
Endevco  accelerometers.  The  Endevco  Model 
2607  cathode-follower  amplifiers  were  used 
with  all  accelerometers.  Included  in  the  system 
were  low- pass  filters  preceding  the  amplifiers 
and  bandpass  filters  following  the  amplifiers. 

For  the  Captive  ground  tests,  vibration  chan¬ 
nel  landlines  paralleled  the  telemetry  channels. 
The  landlines  were  electrically  matched  to  an 
instrumentation  van  for  recording.  Recordings 
were  made  simultaneously  in  the  van  on  Con¬ 
solidated  Engineering  oscillographs  and  Ampex 
magnetic  tape  recorders. 

For  the  Captive  ground  test  and  the  flight 
test  the  NOTS  Telemeter  Ground  Stations  were 
used  for  the  RF  link.  Test  information  was  re¬ 
corded  on  Miller  recorders  and  Ampex  mag¬ 
netic  tape  recorders. 
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Figure  5  -  Missile  C-256  flight  vibration  instrumentation 


THE  ANALOGUE  METHOD  OF  DATA  RE¬ 
DUCTION 


The  initial  reduction  of  the  magnetic  tapes 
containing  vibration  information  from  the  mis¬ 
sile  tests  was  done  by  the  Measurements  Branch 
of  the  Component  Test  Department  at  the  U.  S. 
NAMTC,  Point  Mugu,  Calif.  The  first  step  in 
the  reduction  of  all  magnetic  tapes  was  pre¬ 
editing.  In  pre-editing,  a  tape  was  played  back 
on  an  Ampex  500  with  the  signal  displayed  on  an 
oscilloscope.  A  number  of  pre-editing  runs 
were  made  to  determine  the  frequency  response, 
amplitude,  distortion,  signal-to-noise  ratio,  and 
resolution.  All  of  these  factors  were  known  for 
each  channel  of  information  received  on  one  RF 
channel  before  the  proper  adjustments  were 
made  on  the  re-recording  equipment. 

This  information  was  reproduced  on  a  record 
other  than  magnetic  tape  to  permit  visual  ob¬ 
servation  of  the  entire  test.  An  example  of  this 
reproduction  is  the  Miller  record.  Figure  6  is 
a  block  diagram  showing  the  major  components 
of  the  system  used  to  produce  Miller  oscillo¬ 
graph  recordings. 

Figure7  illustrates  the  composite  signal  plus 
high  and  low  gain  of  the  analyzed  frequency. 
This  permitted  direct  visual  comparison  of 
various  station  outputs.  If  a  known  event  such 
as  the  chugging  of  the  Autopack  or  sustainer 
ignition  can  be  located  on  the  composite  wave, 


the  frequency  at  which  maximum  deflection 
occurs  can  be  easily  located.  Autopack  chugging 
is  a  periodic  occurrence  resulting  from  the 
pneumatic-hydraulic  system. 

Each  Miller  record  has  on  it  the  flat-frequency 
response  calibrations  for  the  particular  chan¬ 
nels  on  that  record.  These  calibrations  were 
produced  using  the  following  method.  The  ac 
field  calibrations  were  played  back  on  the  Ampex 
500  and  the  output  plotted  in  the  form  of  fre¬ 
quency  versus  output  in  decibels,  known  as  a 
frequency- response  curve,  for  the  entire  instru¬ 
mentation  system,  see  Figure  8. 

The  zero  point  of  frequency  which  was  used 
as  a  basis  for  all  other  frequencies  usually 
occurred  at  200  cps.  This  particular  frequency, 
200  cps,  is  the  point  at  which  maximum  output 
occurred  for  the  instrumentation  system  in¬ 
stalled  in  the  missile.  The  amount  of  attenuation 
in  decibels  required  to  bring  the  response  level 
to  the  base  level  can  be  selected  from  the  curve 
for  each  particular  bandwidth  center  frequency 
being  analyzed. 

The  calibrations  that  were  recorded  at  the 
beginning  of  the  analyzed  frequency  record, 
were  made  using  the  same  base.  By  this  method, 
the  analyzed  frequency  records  were  produced 
having  a  flat  frequency  response  through  the 
entire  range  analyzed.  Step-frequency  analyses 
(Miller  records)  were  made  from  the  magnetic 
tapes  using  a20cps  bandpass  filter  up  to  100  cps, 
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Figure  6  -  Block  diagram  of  magnetic  tape  reproduction  on  Miller  record. 
(The  analyzers  are  corrected  to  l/lO  of  1  db  for  flat  frequency  response. 
The  value  of  the  low  pass  filters  used,  when  making  the  analyzed  frequency 
recording,  is  immaterial  except  that  it  must  be  higher  than  the  frequency 
being  analyzed.  Standard  values  for  the  low  pass  filters  are  used  when 
making  the  composite  record:  Low  pass  filter  for  composite  only:  -70  kc  - 
6,300  cps;  40  kc  -  3,600  cps;  22  kc  -  1,980  cps.  These  values  may  vary 
slightly  depending  on  the  condition  of  the  information  on  the  magnetic  tape.) 


.4* 


>V 


rL-L 


70kc  COMPOSITE 


70hc  hi  ok  GAIK 


capti re  tbumkred 

1U<0  c  t* 


10kc  L0M  GAIK 


22  kc  HIGH  Q A t M 


22kc  LOW  GAIN 


RANGE  TIMING 


Figure  7  -  Miller  oscillograph  record 


and  a  200  cps  bandpass  filter  from  200  cps 
through  4,000  cps. 


The  events  of  interest  were  selected  from  the 
composite  wave.  The  individual  events  chosen 
for  study  occurred  at  approximately  the  same 
time  on  each  RF  channel  for  the  same  flight  or 
test.  A  variable  time  difference  was  noted  be¬ 
tween  station  locations  of  the  accelerometers 
because  of  shock  transmission  time  through 
different  parts  of  the  missile.  Each  roll  of 
analyzed  frequencies  contained  information  from 
the  three  mutually  perpendicular  accelerometers 
located  in  the  same  area  at  approximately  the 
same  station.  There  were  two  waveforms  for 
each  accelerometer  on  the  Miller  records,  one 
high  gain  and  one  low  gain.  Because  of  the  lim¬ 
ited  space  of  the  Miller  record,  the  high  gain 
became  saturated  at  about  the  5  g  level.  The 
vibration  forces  in  excess  of  the  5  g  level  were 
obtained  from  the  low-gain  wave.  Each  wave¬ 
form  was  allowed  15/16  in  before  saturation 
occurred.  This  gave  6  waveforms  of  analyzed 
frequency  plus  the  composite  wave  of  one  accel¬ 
erometer,  usually  the  longitudinal,  and  the  range 
timing  on  the  Miller  record  for  each  bandwidth 
center  frequency  that  was  analyzed  as  shown  in 
Figure  7. 

The  calibrations  at  the  beginning  of  the  record 
were  scaled  manually  and  recorded  with  the 
millivolts  required  to  produce  each  deflection. 
From  these  calibrations,  a  curve  was  drawn  for 
each  subcarrier  channel  using  the  amplitude  of 
the  wave  as  the  ordinate  and  millivolts  as  the 
abcissa.  The  millivolt  values  were  converted 
to  gunitsby  means  of  the  accelerometer  calibra¬ 
tions  supplied  by  the  contractor,  see  Figure  9. 


The  Miller  recordings  were  analyzed  by  the 
U.  S.  Naval  Ordnance  Laboratory,  Corona,  Calif. 


At  the  chosen  events,  the  peak-to-peak  de¬ 
flections  of  each  of  the  waveforms  were  scaled 


CONFIDENTIAL 


188 


CONFIDENTIAL 


Figure  8 
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and  the  readings  tabulated.  The  amplitudes,  as 
tabulated,  were  found  on  the  calibration  curve 
and  the  value  of  g  was  obtained.  The  value  of  g 
was  entered  on  a  second  set  of  tabulated  sheets, 
see  Table  1. 


For  a  missile  undergoing  both  captive  and 
free-flight  tests,  there  were  three  complete  sets 
of  records.  The  captive  landline  and  captive 
telemetered  information  was  compared.  The 
telemetered  information  from  the  flight  was 
compared  with  the  captive  telemetered  informa¬ 
tion  to  find  the  correlation  between  captive  tests 
and  free  flight.  Figure  10  is  a  portion  of  the 
1,000  cps  analyzed  frequency  cut  of  the  Miller 
record  showing  the  Autopack  chugging,  sustainer 
ignition,  and  the  initial  rough  burn  of  the  sus¬ 
tainer  motor.  The  Autopack  chugging  which 
was  read  for  the  flight  was  not  shown  because 
it  was  read  prior  to  booster  ignition.  However, 
the  Autopack  chugging  was  noticeable  through¬ 
out  the  entire  flight.  All  information  shown  in 
Figure  11  was  received  from  the  same  accel¬ 
erometer  which  was  located  aft  of  the  warhead 
and  forward  of  the  sustainer  in  a  plane  per¬ 
pendicular  to  the  longitudinal  axis. 


CAPTIVE  TEST 


4  .  -.4 


COMPOSITE  VAYE  FORM 
TELEMETERED 


LOW  QA1M 
TELEMETERED 


HIGH  0AIK  LARDLI HE 


LOW  OAIH  LAH01IHE 


FREE  f LI  OUT 


HUH  OAIH 
TELEMETERED 


LOW  OAIH 
TELEMETERED 


Figure  10 


The  g  values  as  recorded  in  Figure  10  were 
plotted  with  frequency  as  the  abcissa.  Three 
curves  were  drawn  on  each  graph  which  consti¬ 
tutes  one  event  for  one  accelerometer  for  one 
missile.  The  three  curves  were  plotted  from 
information  received  from  captive  landline, 
captive  telemetered,  and  flight  telemetered. 
This  reduced  the  8,712  tabulated  readings  to  72 
sets  of  curves  which  were  easier  to  examine 
and  analyze. 

Figure  11,  12  and  13  are  the  final  curves 
used  to  display  the  maximum  g  value  at  various 
frequencies.  Because  the  data  were  obtained 
from  readings  taken  at  the  center  frequency, 
the  true  graph  from  the  data  would  be  in  step 
form.  However,  the  continuous-line  curve  is 
better  suited  for  comparative  analyses  and 
therefore  was  used.  The  maximum  values 
remain  true  within  the  error  limits  of  the  cal¬ 
culations  and  instrumentation.  It  would  be 
desirable  to  display  a  three-dimensional  ap¬ 
proach  which  would  cover  the  force,  frequency, 
and  duration.  However,  there  yas  no  method 
available  at  the  time  the  records  were  reduced 
and  analyzed  to  accomplish  this.  Therefore,  no 
curve  could  be  plotted  showing  the  duration  of  a 
vibration  at  a  specific  frequency. 


THE  DIGITAL  METHOD  OF  DATA  REDUCTION 

A  given  vibration  environment  may  be  iden¬ 
tified  by  specifying  the  vibration  frequencies 
and  the  amplitude  distribution,  i.e.,  the  relative 
amount  of  time  at  various  levels  of  acceleration. 
The  distribution  of  amplitude  levels  is  of  im¬ 
portance  because  many  types  of  equipment  will 
withstand  short-duration,  high-level  shocks,  but 
will  fail  if  these  shocks  are  repeated  a  sufficient 
number  of  times.  A  quantitative  knowledge  of 
the  distribution  should  be  of  great  value  in  deter¬ 
mining  whether  or  not  a  vibration  environment 
will  produce  adverse  effects. 

The  electrical  signal  containing  the  vibration 
information  is  analyzed,  or  decomposed,  into 
various  frequency  bands  in  a  manner  similar  to 
the  method  previously  described.  A  particular 
event  or  portion  of  flight  may  be  selected  for 
study  by  time-gating  the  signal  or  by  cutting  out 
the  desired  portion  of  magnetic  tape  and  forming 
a.continuous  loop.  The  system  digitalizes  the 
filter  output  signal  and  electronically  counts 
the  number  of  peaks  in  selected  amplitude  ranges. 
This  provides  not  only  a  measure  of  maximum 
peak  amplitude,  but  accurate  digital  data  for 
obtaining  a  statistical  distribution  of  the  accel¬ 
eration  levels  existing  in  a  given  vibration. 
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Comparative  Tabulations  of:  Flight  Telemetered,  Captive  Telemetered,  Captive  Landline 
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All  values  expressed  in  G  units 

Any  value  of  g  below  0.5  may  be  in  error  0.2  g 
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Figure  1 1 


In  brief,  the  system  consists  of  the  following 
components. 

1.  A  variable-frequency  electronic  filter 
for  selecting  the  frequency  band  to  be 
analyzed. 

2.  An  instrument  specially  designed  to 
sample  the  vibration  waveform  at  each 
peak,  producing  regularly  shaped  pulses 
equal  in  amplitude  to  the  peaks  of  the  in¬ 
put  signal.  This  instrument  is  described 
later  in  the  paper  and  is  the  only  equip¬ 
ment  required  for  the  system  that  is  not 
commercially  available. 

3.  A  pulse-height  analyzer  of  the  type  used 
in  nuclear  work  for  "sorting"  pulses  into 
groupshaving  amplitudes  which  fall  within 
selected  limits. 

4.  An  electronic  counter  which  counts  the 
number  of  pulses  in  the  amplitude  group 
passed  by  the  pulse-height  analyzer. 

The  system  is  readily  capable  of  analyzing 
frequencies  up  to  10  kc  per  sec.  The  range  from 


30  to  10,000  cps  was  divided  arbitrarily  into  14 
bands,  as  shown  in  Table  2,  with  band  limits  in 
the  ratio  approximately  1.5  to  1.  The  filter  used 
provides  24  db  per  octave  cutoff  at  each  side  of 
the  band. 


TABLE  2 

List  of  Filter  Bandwidths  Used 


Center  frequency 
(cps) 

Lower  limit 
(cps) 

Upper  limit 
(cps) 

39 

30 

50 

61 

50 

75 

95 

75 

120 

147 

120 

180 

221 

180 

270 

330 

270 

400 

490 

400 

600 

735 

600 

900 

*  1,110 

900 

1,350 

1,650 

1,350 

2,000 

2,460 

2,000 

3,000 

3,680 

3,000 

4,500 

5,550 

4,500 

6,750 

8,280 

6,750 

10,000 
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FREQUENCY  IN  CYCLES  PER  SECOND 


Figure  12 


The  pulse-height  analyzer  is  a  single-channel 
type  manufactured  by  the  Atomic  Instrument 
Company.  It  has  principal  controls  for  adjust¬ 
ing  "base  line"  and  "channel  width."  If  the 
channel  width  is  set  wide  open,  the  instrument 
produces  an  output  pulse  whenever  an  input  pulse 
exceeds  the  reference  voltage  set  by  the  base¬ 
line  control.  If  the  channel  width  is  set  at  one 
volt,  for  example,  the  output  contains  only  those 
pulses  whose  peaks  lie  between  the  base  line 
and  one  volt  above  the  base  line.  The  channel 
width  control  thus  determines  the  amplitude 
range  of  pulses  passed  by  the  instrument.  The 
analyzer  has  been  found  to  perform  satisfac¬ 
torily  with  input  pulses  from  1  to  100  volts,  but 
it  does  not  give  an  accurate  count  of  pulses  less 
than  1  volt  in  amplitude. 


METHOD  OF  OPERATION 

The  amplitude  distribution  was  obtained  by 
playing  the  recorded  signal  repeatedly,  increas- 
ingthe  analyzer  base-line  voltage  by  increments 


equal  to  the  channel  width,  and  recording  the 
count  of  the  output  pulses  for  each  setting.  The 
peak-sampling  device  reached  saturation  at 
about  24  volts  pulse  amplitude,  hence,  the  play¬ 
back  gain  was  adjusted  so  that  the  maximum 
peaks  in  the  signal  fall  below  this  limit.  The 
t  pulse  amplitudes  in  volts  were  converted  to  ac¬ 
celeration  levels  in  g's  by  comparison  with  a 
calibration  signal  which  was  included  on  the 
same  tape  with  the  vibration  record. 

Table  3  is  a  typical  set  of  data  obtained  with 
this  technique.  It  will  be  noted  that  the  number 
of  pulses  in  the  range  0-1  volt  was  found  in  a 
different  manner,  which  was  necessary  because 
the  analyzer  was  not  accurate  below  the  level  of 
1  volt.  The  maximum  possible  count  was  as¬ 
sumed  to  be  the  center  frequency  of  the  filter 
multiplied  by  the  time  length  of  the  sample. 
The  total  number  of  pulses  that  exceeded  1-volt 
amplitude  were  measured  with  the  analyzer  by 
setting  the  base  line  at  1  volt  and  the  channel 
width  at  maximum.  The  number  of  pulses  less 
than  1  volt  were  then  the  difference  between 
maximum  count  and  the  number  exceeding  1  volt. 
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Figure  13 


TABLE  3 

Typical  Amplitude  Analysis 


Baseline 

volts 

Acceleration 
level  (g) 

Amplitude 

range 

Count 

Per¬ 

cent 

1 

3.3 

1-2 

425 

34.5 

2 

5.5 

2-3 

127 

10.3 

3 

7.8 

3-4 

40 

3.2 

4 

10.0 

4-5 

85 

7.0 

5 

12.2 

5-6 

33 

2.7 

6 

14.4 

6-7 

27 

2.2 

7 

16.6 

7-8 

20 

1.6 

8 

18.8 

8-9 

8 

.6 

9 

21.0 

9-10 

6 

.5 

10 

23.3 

10-11 

4 

.3 

11 

25.5 

11-12 

2 

.2 

12 

27.7 

12-13 

0 

— 

Filter:  400-600  cps;  Length  of  sample:  2.5  sec.; 
Maximum  count:  2.5  x  490  =  1,225;  Count  ex¬ 
ceeding  1  volt:  825;  Count  0-1  volt:  400;  Per¬ 
centage  0-1  volt:  32.5;  Calibration  1  V=  2.22  g. 


The  pulse  count  in  each  amplitude  range  divided 
by  the  maximum  count  gave  a  ratio  or  percentage 
which  was  a  measure  of  the  relative  count  for 
the  corresponding  acceleration  level. 

The  data  obtained  from  the  amplitude  analysis 
were  plotted  in  different  ways,  two  of  which  are 
illustrated  in  Figure  14.  These  charts  portray 
the  time  distribution  of  acceleration  levels  for 
the  freqn  jncy  band  of  the  filter  used.  They  pro¬ 
vide  a  statistical  or  probabilistic  representation 
of  the  vibration  environment.  The  root-mean- 
square  (rms)  acceleration  amplitude,  predomi¬ 
nant  amplitude,  and  other  characteristic  values 
may  be  computed.  Acceleration  spectral  density 
curves  may  be  obtained  by  plotting  the  results 
of  a  series  of  such  measurements  at  different 
frequencies. 

With  these  data,  it  should  be  possible  to 
realize  a  three-dimensional  display  which  takes 
into  consideration  the  duration  of  a  vibration, 
as  mentioned  earlier  in  this  report.  The  ap¬ 
proach  to  this  problem  has  been  to  plot  a  family 
of  spectral  distribution  curves  as  shown  in 
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Figure  15.  Each  point  plotted  in  the  second  curve 
is  such  that  90  percent  of  the  peaks  in  the  vibra¬ 
tion  waveform  are  less  than  this  amplitude. 
These  points  are  obtained  by  adjusting  the  pulse- 
height  analyzer  to  a  level  such  that  a  count  of 
10 percent  of  the  maximum  is  measured  and  the 
other  curves  are  obtained  in  an  analogous  way. 
The"less  than” curves  summarize  the  informa¬ 
tion  gained  from  a  series  of  measurements  on 
a  given  vibration  sample. 

The  experimental  equipment  used  in  pre¬ 
liminary  evaluation  of  the  system  did  not  include 
the  array  of  filters  that  were  used  to  obtain  the 
Miller  oscillograph  records  mentioned  previ¬ 
ously.  The  electronic  filters  that  were  used 
had  a  much  wider  bandpass,  especially  at  high 
frequencies.  Figure  16  shows  a  comparison  of 
the  curves  obtained  from  the  same  sample  with 


the  wide-band  electronic  filter  and  with  a  sharp 
200- cycle  bandpass  filter.  It  is  apparent  that 
the  principal  peaks  may  be  recognized  using 
either  bandpass.  Some  detail  is,  of  course,  lost 
in  the  wide-band  case. 

Various  modifications  of  the  above-described 
method  are  possible.  For  example,  a  multi¬ 
channel  pulse-height  analyzer  could  be  used  to 
obtain  a  series  of  points  on  the  distribution 
curve  with  one  playing  of  the  sample.  Such 
instruments,  with  ten  or  more  channels,  are 
commercially  available;  these  are  usually 
equipped  with  a  separate  counter  or  integrator 
for  each  channel.  A  further  refinement  might 
be  a  sequential  sampling  device  which  would 
sample  the  various  integrator  outputs  and 
provide  an  ink  recording  of  the  amplitude 
distribution. 
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Figure  15  -  Spectral  distribution  curves 


DESCRIPTION  OF  PEAK  SAMPLING  DEVICE 


The  instrument  that  converts  the  complex 
input  signal  into  a  series  of  pulses,  suitable  for 
analysis  in  a  pulse-height  analyzer,  is  desig¬ 
nated  as  the  Peak  Sampling  Device.  The  cir¬ 
cuitry  used  to  perform  this  operation  is  out¬ 
lined  in  the  block  diagram,  Figure  17,  and  the 
complete  schematic  diagram  is  shown  in  Fig¬ 
ure  18. 

At  every  positive  peak  of  the  input  signal, 
the  peak-holding  capacitor  is  charged  to  the  peak 
voltage  through  a  silicon  diode  (IN210),  which 
allows  the  charge  to  remain  for  a  time  after  the 
peak  is  passed.  A  sampling  pulse,  generated 
by  Pulse  1  Multivibrator  (MVR),  drives  the  grid 


of  the  output  cathode  follower  positive  until  it 
matches  the  voltage  on  the  capacitor.  Thus  an 
output  pulse  is  formed'  which  is  equal  in  ampli¬ 
tude  to  the  peak  voltage  of  the  input,  except  for  the 
slight  loss  of  gain  in  the  cathode  followers.  Fol¬ 
lowing  the  sampling  pulse,  a  discharge  pulse  is 
generated  by  Pulse  2  Multivibrator.  This  pulse 
causes  the  discharge  tube  (V10A)  to  conduct, 
discharging  the  circuit  so  that  the  sequence 
begins  again  with  the  next  positive  peak. 

The  grid  of  the  peak  detector  (V2A)  is  con¬ 
nected  to  a  capacitor  which  is  charged  through 
a  diode  to  a  little  below  the  peak  of  the  input 
signal.  When  the  cathode  of  the  peak  detector 
passes  a  peak  and  starts  back  in  a  negative  di¬ 
rection,  the  grid  capacitor  remains  charged 
because  of  the  diode  coupling,  thus  causing  a 
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sharp  increase  in  plate  current.  The  tube  con¬ 
tinues  to  conduct  until  the  signal  reaches  a  nega¬ 
tive  peak  and  again  changes  direction.  The  peak 
detector  plate  drives  a  Schmidt  trigger  circuit 
(V4)  which  produces  a  Sharp  negative  swing  at 
each  positive  peak  and  a  positive  swing  at  each 
negative  peak.  This  output  is  differentiated  and 
used  to  trigger  the  sampling  and  discharge 
pulses  in  the  proper  sequence.  The  Schmidt 
circuit  provides  constant  amplitude  trigger 
pulses  independent  of  their  frequency  and  the 
input  signal  amplitude. 

Pulses  1  and  2  Multivibrators  are  fairly 
standard  "one-shot"  type  circuits.  Pulse  1 
Multivibrator  has  a  special  circuit  added  to  it 
which  prevents  "firing"  more  than  once  on  one 
trigger  pulse.  The  6AH6  cathode  follower  (V7) 
normally  holds  the  Multivibrator  input  grid  (V5) 
at  about  plus  9  volts,  so  that  an  incoming  posi¬ 
tive  trigger  pulse  is  accepted.  Once  the  Multi¬ 
vibrator  fires,  the  grid  of  the  6AH6  is  driven 
negative  holding  the  input  tube  cutoff  for  a 
period  of  eight  to  ten  microseconds. 

By  means  of  the  potentiometer  in  the  grid 
return  of  the  input  cathode  follower,  the  dc  level 
of  subsequent  circuits  is  adjusted  so  that  the 
output  pulses  start  from  ground  potential.  The 


INI  26  crystal  diode  clamps  the  grid  of  the  out¬ 
put  cathode  follower  to  the  mean  dc  level  at  the 
cathode  of  the  input  tube,  the  ac  components  being 
filtered  out  by  an  RC  filter  consisting  of  al5, 000- 
ohm  resistor  and  20- microfarad  capacitor. 

Figure  19  shows  the  results  of  a  series  of 
measurements  made  with  the  peak  sampling 
device.  The  circled  points  indicate  the  spread 
of  measurements  made  at  different  frequencies 
ranging  from  100  to  20,000  cps.  The  linearity 
is  excellent  up  to  24-volts  output  although  satu¬ 
ration  occurs  slightly  above  this  figure. 

The  ability  of  the  device  to  follow  rapidly 
changing  peak  amplitudes  is  illustrated  in  Fig¬ 
ure  20.  The  maximum  amplitude  in  this  figure 
is  about  15  volts.  The  signal  hasabeat  modula¬ 
tion  obtained  by  combining  frequencies  of  ap¬ 
proximately  75  and  100  cps. 


LIMITATIONS  AND  ACCURACY 

The  limitations  and  accuracies  of  each  com¬ 
ponent  used  in  the  shock  and  vibration  deter¬ 
minations  have  not  been  defined  in  this  paper 


Figure  19  -  Output  pulse  vs.  input  frequencies  100  cps  -  20  kc 
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Figure  20  -  Input  and  output  of  peak  sampling  device 


because  of  constant  changes  occurring  in  the 
pickup  instrumentation  and  combinations  with 
associated  circuit  equipment.  However,  by 
weighing  each  segment  in  the  environmental 
determination,  the  accuracy  of  the  results  can 
be  said  to  be  60  percent  or  better. 


CONCLUSIONS 


1.  The  graphical  presentations  of  vibration 
information  illustrated  in  Figures  11,  12 
and  13  confirm  that  the  results  obtained 
by  captive  landline  and  captive  telemeter 
are  essentially  the  same. 

2.  Figures  11, 12  and  13  illustrate  that  there 
is  a  high  degree  of  correlation  between 
the  captive-test  information  and  thefree- 
flight  information  within  the  frequency 
range  of  the  instrumentation. 

3.  The  digital  and  analogue  methods  of  re¬ 
duction  when  employing  the  same  band¬ 
pass  filter  give  comparable  results. 

4.  The  digital  method  when  employing  wide 
bandpass  filters  and  electronic  readout 
equipment  can  shorten  the  time  of  reduc¬ 
tion  and  analysis  of  a  flight  from  weeks 
to  days. 

5.  The  analogue  method  when  employed, 
yields  the  complete  vibration  picture, 
relative  to  time  and  orientation,  within 
the  limitations  of  the  instrumentation. 

6.  The  peak  sampling  device  used  in  the 
digital  method  is  noise  free  and  produces 
uniform  pulses.  These  are  advantageous 


over  certain  other  sampling  methods 
which  have  been  used  for  amplitude 
analysis. 

7.  The  analogue  and  digital  methods  are 
adaptable  to  an  automatic  adjustment  for 
correction  of  the  frequency  response  of 
the  instrumentation  system. 

8.  The  Miller  oscillograph  records  of  the 
analogue  methods  give  a  vivid  visual  pic¬ 
ture  of  the  shock  and  vibration  with  re¬ 
spect  to  time  and  orientation,  see  Figure  7. 

9.  The  "less  than"  curves  should  be  useful 
in  the  determination  of  specifications  for 
missile  components. 


RECOMMENDATIONS 


1.  That  there  should  be  standard  procedures 
for  the  calibration  of  accelerometers  and 
associated  circuitry. 

2.  That  investigations  be  instituted  to  extend 
the  usable  frequency  range  of  telemeter¬ 
ing  and  other  instrumentation  concerned 
in  vibration  determinations. 

3.  That  the  designers  and  laboratory  test 
facilities  standardize  on  vibration  infor¬ 
mation  presentation  required  for  their 
use. 

4.  That  captive  tests  be  continued  for  all 
missiles. 

5.  That  further  automation  of  both  methods 
be  investigated. 
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DISCUSSION 


B.  Baker,  Douglas  Aircraft:  Mr.  Fine,  I  would 
like  to  know  whether  there  was  only  one  or  were 
there  many  captive  firings  made  in  order  to  get 
a  statistical  distribution  of  the  various  frequen¬ 
cies  and  g  levels  and  to  see  if  the  actual  flight 
data  fell  within  the  range  ? 

Fine:  More  than  one  firing  was  made  with  a 
particular  missile.  The  first  time  it  happened 
it  was  accidental,  but  the  results  were  satisfy¬ 
ing.  The  second  time  the  results  were  incidental 
because  we  were  trying  to  evaluate  the  method 
to  find  out  if  the  system  was  satisfactory  or 
perhaps  one  which  would  only  give  us  more 
completely  confusing  information.  Actually  we 
felt  that  the  correlation  was  satisfactory.  Not 
TOO  or  80  percent  but  more  like  50  or  60  per¬ 
cent.  Of  course  they  were  not  the  same. 

You  cannot  substitute  captive  testing  for 
flight  because  your  environment  is  not  the  same. 
As  far  as  the  sustainer  motor  burning  was  con¬ 
cerned,  it  was  the  same.  But  with  aerodynamic 
forces  acting  on  the  missile,  the  picture  does 

* 


change.  You  get  shocks  transmitted  through  the 
missile  when  the  sustainer  motor  burns  out  and 
every  time  the  missile  makes  a  drastic  turn. 
You  also  get  shocks  when  a  booster  separates. 
A  program  is  now  going  on  to  determine  the 
booster  shock. 

Bush,  White  Sands  Proving  Ground:  What  fre- 
quency  response  do  you  conscientiously  feel  you 
achieved  throughout? 

Fine:  The  NAMTC  at  Point  Mugu  calibrated  the 
Endevco  accelerometers  for  us  and  were  present 
when  the  tests  were  recorded.  They  calibrated 
through  4,000  cps  and  therefore  we  are  certain 
of  frequencies  to  this  level.  Above  4,000  cps  I 
believe  the  curves  were  extrapolated  or  com¬ 
parisons  were  made  with  others.  Now  this  was 
all  land-line  information.  The  subcarrier  of 
the  telemeter  is  on  70  kc  and  according  to  all 
the  figures  we  should  only  get  a  frequency  range 
of  about  2.2  kc,  although  I  believe  we  did  a  little 
better.  But  we  have  high  hopes  for  the  informa¬ 
tion  which  we  have  extrapolated. 

*  * 


201 


CONFIDENTIAL 


CONFIDENTIAL 


SIMULATION  OF  ROCKET  MOTOR  VIBRATION 
BY  STATIC  TESTING 


T.  A.  Angelus,  Allegany  Ballistics  Laboratory,  Hercules  Powder  Company 
and  D.  A.  Stuart,  Cornell  University 


Disturbances  occurring  in  rocket  motor  thrusts  are  analyzed  both  the¬ 
oretically  and  experimentally.  The  theoretical  analysis  consists  of 
formulation  and  solution  of  the  general  equations  of  motion  for  multi- 
degree-of-freedom  systems.  The  experimental  analysis  consists  of  the 
accumulation  of  experimental  data  from  static  firings.  A  comparison 
between  experimental  and  computed  data  is  made  and  discussed. 


INTRODUCTION 


This,  paper  results  from  investigations  of 
shock  and  vibration  carried  out  at  the  Allegany 
Ballistics  Laboratory  with  cooperation  from 
personnel  at  Wright  Air  Development  Center 
and  Northrop  Aircraft. 

Since  disturbances  occurring  in  steady  state 
thrust  are  of  concern  to  all  in  the  guided  missile 
program,  an  attempt  was  made  at  this  laboratory 
to  analyze  one  of  the  more  complex  booster 
systems.  The  problem  at  hand  was  to  identify 
oscillations  on  thrust  records  as  due  to  either 
real  internal  disturbances  resulting  from  the 
ballistic  properties  of  the  propellant  or  me¬ 
chanical  amplifications  of  white  noise  not  char¬ 
acteristic  of  the  propellant. 

To  simulate  the  booster-  missile  attachments, 
a  special  thrust  mount  was  utilized.  This  thrust 
mount  was  constructed  so  as  to  have  the  highest 
possible  frequency  response  in  order  to  measure 
the  vibrational  characteristics  of  "steady" 
thrust.  The  system  was  then  analyzed  making 
use  of  Newton' s  Second  Law  of  Motion,  Rayleigh' s 
Method,  and  Lagrange's  Equations  in  the 


solutions  of  problems  containing  multi-degrees- 
of-freedom. 

It  was  shown  from  this  investigation  that  the 
high-amplitude  "noise"  appearing  on  the  thrust¬ 
time  records  of  this  unit  was,  for  the  most 
past,  mechanical  amplification  of  white  noise. 
Experimental  data  to  support  this  analysis  are 
presented. 


THE  EQUATION  OF  MOTION 


Rigid  Body  Analysis 

Consider  a  canted-nozzle  rocket  motor 
mounted  as  in  Figure  1.  This  simulates  the 
missile  system  with  strain  gauges  at  the  main 
thrust  pad  (kt)  and  on  the  forward  (k3)  and  aft 
(k2)  sway  braces.  The  signal  as  received  from 
the  thrust  gauges  is  assumed  to  be  a  sinusoidal 
function  of  time.  Neglecting  damping  in  the 
analysis,  the  equations  of  motion  of  the  motor 
for  the  three  degrees  of  freedom  considered 
are  (spring  mass  being  considered  negligible): 
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Figure  1  -  Sketch  of  thrust  mount 
kj  =  gauge  constants  Y  =  rotation  in  xy  plane 

T  =  thrust  C.  Q.  =  center  of  gravity 


r|2x 

m  — -  +  2kjX  -  2kjdy  =  T  cos  25° 


m-^|  +  2(k2+k3)y-2(k2e-k3f)Y  =  T  sin  25°, 


(1) 


were  not  sensed  experimentally  and  because  the 
coupling  of  such  rotations  with  the  three  re¬ 
maining  displacements  (x,  y,  and  y)  was  small. 

To  determine  frequency  response,  we  assume  . 
T  =  A  sin  wt, 


X2  -  2kjdx  -  2(k2e  -  k3f)y 


+  2(k3d2  +  k2e2  +  k3f2)y  =  -  Tg  sin  25° 


x  *  Aj  sin  wt, 
y  =  A2  sin  wt, 
y  =  A3  sin  wt 


(2) 


where 

m  =  mass  of  motor, 
x,  y,  z  «  rectangular  co-ordinates, 
y  =  rotation  in  xy  plane, 

T  =  thrust, 

d,  e,  f,  g  *  distances  from  centerlines, 

kj  =  measured  gauge  constants  of 
proportionality, 

I  x  =  moment  of  inertia, 

t  =■  time. 

Rotations  in  the  xz  and  yz  planes  were  neg¬ 
lected  for  simplicity,  because  such  motions 


where 

A12  3  »  maximum  amplitude, 
w  =  circular  frequency. 

By  substituting  these  values  (2)  into  equation  (1) 
and  dividing  by  A  sin  wt,  we  have 

,  A,  A, 

-mw2  -j  +  2kj  -j-  -  2kjd  ~  =  cos  25° 

A  A  A 

-mw2  -1  +  2(k2  +  k3)-Z  -  2(k2e  -  k3f )  -1  =  sin  25° 

(3) 

'V-x  •  2kidT  '  2(k2e  *  k3f>T 

+  2(kjd2  +  k2e2  +  k3f2)  -y  -  -  g  sin  25°. 
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Solving  for  amplitude  ratio  A3/A,  by  means  of  Cramer's  Rule  we  get 


A 


cos  25°  0 

sin  25°  2(k2  +  k3)  -  mu2 

-  g  sin  25°  -  2fk2e  -  k3f) 


-  2k  3d 

-  2(k2e  -  k3f) 

2(kjd2  +  k2e2  +  kjf2)  -  1 2(j2 


A 


(4) 


where 


A  = 


2k j  -  mw2 
0 


-  2k jd 


-  2k  3d 


2(k2  +  k3)  -  mu2  -  2(k2e  -  k3f) 

-  2fk2e  -  k3f)  2(kjd2  +  k2e2  +  k3f2)  -  Ixw2 


Solutions  for  A2/A  and  A3/A  are  done  in  a  similar 
manner. 

Those  values  of  u  for  which  A  =  0,  are  the 
natural,  or  resonant  frequencies  of  the  system. 
To  find  the  resonant  frequencies,  it  is  merely  a 
matter  of  finding  the  roots  to  this  frequency 
equation  (A  =  0)  which,  when  expanded,  gives  a 
sixth  degree  equation.  Solving  for  u>2  by  means 
of  Graeffe's  method,  resonant  frequencies  were 
determined  for  the  system.  The  following  two 
conditions  of  the  motor  were  considered:  (1) 
loaded  and  (2)  expended. 

The  gauges  do  not  measure  the  displacement 
x ,  y,  and  Y  directly.  The  signals  from  the  gauges 
are  proportional  to  x  +  fy,  y  -  ey,  and  x  -  dy 
for  the  forward,  aft,  and  main  gauges  respec¬ 
tively.  Since  interest  is  in  the  amplitudes  of  the 
corrected  gauge  signals,  we  plot  as  functions  of 
frequency: 

A  A 

k,  -r  +  k,f  -4  for  the  forward  gauge, 

°  A  J  A 

A  A 

k,  —  -  k,e  -4  for  the  aft  gauge,  and  (5) 

4  A  *  A 

A  A 

k,  —  -  k,d  ~4  for  the  longitudinal  thrust  gauge. 

1  A  1  A 

Using  the  physical  constants  of  construction, 
calculations  for  amplification  factors  using 
random  frequencies  in  equation  (5)  and  for  reso¬ 
nant  frequencies  in  the  denominator  of  (4)  were 
carried  out  and  plotted  into  resonance  diagrams 
for  the  various  gauges.  The  resonance  curves 
are  shown  in  Figures  2,  3,  and  4. 

In  this  formulation,  viscous  and  dry  friction 
were  neglected,  thereby  making  the  values  for 
the  maximum  amplification  factor  frequencies 
slightly  higher  than  what  would  be  expected. 


Further,  the  neglect  of  damping  yields  infinite 
amplification  factors.  The  actual  amplification 
factors  are,  of  course,  finite. 


Elastic  Body  Analysis 

Since  the  previous  equations  considered  the 
motor  as  a  rigid  body,  it  was  found  necessary 
in  the  cburse  of  this  investigation  to  analyze  the 
system  as  though  it  were  vibrating  in  an  elastic 
condition. 

It  was  considered  that  the  motor  was  vibrat¬ 
ing  similar  to  an  elastic  beam  with  spring  sus¬ 
pensions.  In  an  effort  to  find  the  fundamental 
frequencies  of  the  system  vibrating  in  this 
fashion,  a  comparative  example  was  used.  The 
following  equations  will  give  only  an  approxima¬ 
tion  of  the  fundamental  frequency  due  to  the 
simplifying  assumptions  made. 

Consider  the  motor  as  a  uniform  elastic 
beam  suspended  by  springs  as  illustrated  in 
Figure  5.  This  is  aninfinite-degree-of-freedom 
problem  and  is  handled  briefly  in  two  steps; 
being,  (1)  reduction  of  the  problem  to  a  finite 
number  of  degrees  of  freedom  by  the  method  of 
Rayleigh  and  (2)  formulation  of  the  equations  of 
motion  of  the  system  with  the  application  of 
Lagrange's  Equations  whose  general  form  is 


where  qs  is  some  generalized  co-ordinate,  and 
L  =  T  -  V,  the  Kinetic  Potential  (3). 

Assuming  the  spring  constant  k  =  (k2+k3)/2> 
and  that  the  beam  has  some  initial  deflected 
shape,  we  have,  neglecting  gravitational  forces 
and  using  half  the  beam  energy, 
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Figure  5  -  Calculation  of  potential  and  kinetic  energy 
of  an  elastic  beam  suspended  by  spring 
z  =  deflection  of  spring  Y  =  deflection  of  beam 

k  =  spring  constants  El  =  beam  stiffness 


V  =  Potential  Energy  *  ^§~  +  f— j  dx, 


T  =  Kinetic  Energy  =  \  f*  (Z  +  y)2  dx 


where 


By  using  the  simple  relations: 


it)2  =  *  Frequency  of  beam  with  pin  ends, 


W2  =  Jl 


=  Frequency  of  mass  on  springs. 


p  =  linear  density, 

Z  ■  deflection  of  the  spring, 

y  =  deflection  of  the  beam  at  any  point  x 
measured  with  respect  to  the  end  deflec¬ 
tion  as  shown  in  Figure  2. 


Assuming  symmetry  and  harmonic  motion, 
we  have 


it  is  found  that  their  respective  frequencies  are 

fj  »  40.4  cps,  f2  «  109  cps. 

Thus  in  either  of  the  above  cases,  a  large  am¬ 
plification  would  be  expected  experimentally  in 
the  vicinity  of  40  cps.  It  is  therefore  expected 
that  the  four-degree-of-freedom  system  would 
also  yield  a  large  amplification  factor  at  about 
the  same  frequency. 


.  .  kX  „  .  rtX 

y  -  A  sin  Tjj-  *  a  sin  wt  sin  , 


Z  =  b  sin  wt. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 


Using  as  effective  co-ordinates  Zand  A,  the 
Lagrangian  forms  of  the  differential  equations 
of  motion  are 


3V  _d 
3A  '  dt 


av  _d  /  a 
3Z  '  dt  \  3 


Substituting  (8)  in  equation  (7)  and  applying 
(9),  we  get  for  the  frequency  equation: 


k  9  -  2w2 
TjT  *  “>  ; — 


4u2  E.I  /  x  2 

[tl)  ■  w 


Again  using  the  physical  constants  of  con¬ 
struction  in  equation  (10),  we  get  for  the  two 
modes  of  vibration: 

fj  =  38.2  cps,  f2  =  264  cps. 


Figure  6  is  a  three  dimensional  sketch  of  the 
unit  depicting  the  location  of  the  strain-type 
gauges  utilized.  As  shown  in  Figure  7,  these 
gauges  were  constructed  of  steel  with  a  flat 
midsection  and  with  holes  at  each  end.  The 
gauge  ends  were  attached  to  the  motor  and  to 
the  firing  bay  floor  with  clevis  pins.  A  strain 
grid  which  was  attached  to  the  flat  midsection 
of  each  gauge  formed  an  active  arm  of  a  con¬ 
ventional  Wheatstone  bridge.  A  steel  block  to 
which  was  attached  a  strain  grid,  was  positioned 
beside  each  active  strain  gauge.  This  assembly 
acted  as  a  temperature  compensator  and  be¬ 
came  a  second  arm  of  the  Wheatstone  bridge. 
Two  dummy  arms  (strain  grids  without  steel 
bases)  were  included  to  complete  the  bridge 
setup.  The  output  from  the  bridge  was  fed  to 
an  inverted  amplifier  and,  thence,  to  the  oscil¬ 
loscope  where  pictures  were  taken  on  a  rotating 
drum  camera. 
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Figure  6  -  Sketch  of  motor  showing  mounting 
structure  and  location  of  gauges 


Figure  7  -  Basic  design  of  gauges 


The  testing  program  was  planned  to  include 
firing  tests  of  units  conditioned  at  both  high  and 
low  temperatures.  One  of  the  drawbacks  of  the 
above  setup  involved  difficult  alignment  prob¬ 
lems  prior  to  firing  during  which  time  the  unit 
underwent  appreciable  temperature  change. 
Others  were  non-linearities  induced  by  bending 
of  the  pins  and  gauges  themselves  due  to  loads 
imposed  during  firing. 

The  methods  used  in  determining  frequencies 
and  amplitude  of  the  vibrations  occurring  on  the 
thrust-time  records  were  relatively  simple, 
and  extreme  accuracy  of  measurement  is  not 
claimed.  The  method  consisted  of  measuring 
relatively  pure  vibration  from  an  extended 
thrust-time  record.  The  values  of  amplitude 
were  then  plotted  semi-logarithmically  as 
functions  of  frequency,  giving  representative 
noise  spectra  of  the  system  for  the  various 
gauges. 


By  comparing  the  experimental  noise  spectra 
with  the  computed  resonance  diagrams  it  was 
assumed  possible  to  isolate  the  resulting  ampli¬ 
tude  peaks  into  two  cases  being,  (1)  real  internal 
disturbances  resulting  from  the  ballistic  prop¬ 
erties  of  the  propellant  or  (2)  mechanical  am¬ 
plifications  of  white  noise,  thus  not  character¬ 
istic  of  the  propellant. 

In  Figures  3,  4  and  5,  the  following  similari¬ 
ties  can  be  noted.  The  amplitude  peak  at  150 
cps  on  the  aft  and  main  gauges  is  apparently 
associated  with  the  third  mode  of  vibration.  The 
disturbance  at  85  cps  on  the  forward  gauge  is 
probably  associated  with  the  first  mode  of  vibra¬ 
tion.  The  frequency  at  45-50  cps,  which  is 
dominant  on  the  forward  and  aft  gauges  is  not 
associated  with  rigid  body  motion  and,  hence, 
does  not  appear  in  the  analysis.  Further  inves¬ 
tigation  of  the  system  as  an  elastic  body  showed 
that  this  disturbance,  which  occurred  at  the  end 
of  burning  of  the  motor,  resulted  from  the  motor 
vibrating  as  an  elastic  beam. 

The  predominant  amplitude  peak  at  65  cps 
on  the  main  gauge  was  not  determined  from  the 
limited  analysis  of  the  system.  It  is  probable 
that  this  peak  is  due  to  a  coalescence  of  a  peak 
at  approximately  40  cps,  and  one  at  approxi¬ 
mately  100  cps  due  to  damping  and  to  the  fact 
that  all  gauges  sense  a  combination  of  transla¬ 
tion  (in  either  the  x  or  y  directions),  bending, 
and  rotations.  Further  quantitative  work  is  sug¬ 
gested  along  these  lines. 


Since  all  peaks  on  the  thrust  records  can 
apparently  be  attributed  to  mechanical  amplifi¬ 
cation,  it  is  concluded  that  an  "actual"  noise 
spectrum  of  the  motion  of  constant  amplitudes 
at  all  frequencies  would  not  be  inconsistent 
with  the  observed  results.  For  this  reason,  it 
is  suggested  that  this  motor  be  characterized 
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as  giving  white  noise  with  total  amplitude  of  not 
more  than  2  percent  of  full  thrust. 


SUMMARY 


In  this  paper,  an  attempt  was  made  to  iden¬ 
tify  the  disturbances  occurring  in  steady-state 
thrust  of  a  particular  missile  booster  system. 
In  order  to  simulate  the  actual  environment  of 
the  missile,  a  special  thrust  mount  was  utilized 
for  static  firings.  It  might  be  mentioned  that 
the  k-values  for  the  various  gauges  used  in  this 
study  are  not  the  same  as  those  for  the  attach¬ 
ments  incorporated  on  the  missile  in  flight. 
The  k-values  on  the  flight  missile  are,  in  this 
case,  of  much  lower  magnitude.  This,  of  course, 
means  that  the  lowest  resonant  frequency  of 
this  system  probably  will  be  of  lower  magnitude. 

In  the  formulations  presented,  damping  was 
neglected.  This,  of  course,  is  an  oversimplifi¬ 
cation,  since  the  percentage  of  damping  is 
appreciable.  If  allowance  is  made  for  damping 
in  comparison  of  data,  the  results  appear 
reasonable. 
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The  results  from  this  investigation  have 
shown  that  oscillations  appearing  on  the  thrust¬ 
time  records  of  this  particular  unit  can  be 
attributed  in  the  most  part  to  mechanical  am¬ 
plifications  arising  from  the  natural  motions  of 
the  system.  To  elaborate  on  this  statement,  it 
was  shown  by  the  comparison  of  computed  reso¬ 
nance  diagrams  and  noise  spectra  that  dis¬ 
turbances  which  were  by  nature  mechanical, 
could  be  identified.  In  most  cases,  this  method 
was  effective  but  in  one  other  case,  further 
analyses  were  necessary  to  determine  the  nature 
of  the  amplification.  It  is  quite  probable  that 
all  of  the  disturbances  could  be  identified  if  a 
more  thorough  investigation  were  conducted.  It 
is  thus  concluded  that  the  actual  "noise"  output 
of  the  motor  is  probably  white  noise  with  an 
amplitude  of  ±2  percent  of  mean  thrust. 

This  method  of  identifying  disturbances  in 
thrust  has  also  been  carried  out  for  many  other 
systems  and  the  conclusions  have  been  similar 
in  nature.  It  is  recommended  that  similar 
analyses  be  considered  on  other  rocket  systems, 
when  necessary,  so  that  more  effective  methods 
can  be  taken  in  the  correcting  of  conditions  that 
are  not  within  rocket  specifications. 


REFERENCES 


1.  Timoshenko,  S. ,  Vibration  Problems  in  Engi¬ 
neering,  D.  Van  Nostrand,  Inc.,  New  York, 
•Tuly  1937 


3.  Page,  Leigh,  Introduction  to  Theoretical 
Physics,  D.  Van  Nostrand,  Inc.,  New  York, 
February  1951 


2.  DenHartog,  J.  P.,  Mechanical  Vibrations, 
McGraw-Hill  BookCompany,  Inc.,  New  York, 
1947 


r 


i1 

I! 


■i 

J 


1 


CONFIDENTIAL 


208 


STUDY  OF  METHODS 
OF  MEASURING  ROCKET  THRUST 


Frank  W.  Bubb,  Phillips  Petroleum  Company 


This  paper  describes  one  of  the  thrust  stands  currently  in  use  for 
measuring  rocket  thrusts.  This  stand  is  not  properly  designed  for  use 
with  rockets  having  highly  brisant  ignitors.  For  such  ignitors,  the 
indicator  card  showing  thrust-ver sus -time  exhibits  an  initial  high 
impulsive  peak  due  to  the  ignitor.  This  is  followed  by  a  gap  indicating 
zero  thrust,  and  then  the  gap  is  followed  by  an  excessively  high  impul¬ 
sive  peak,  after  which  the  thrust  curve  oscillates  violently  and  ap¬ 
proaches  the  steady  thrust  value  somewhat  as  an  exponentially  attenu¬ 
ating  sinusoid.  Such  curves  are  not  true  representations  of  rocket 
thrust,  particularly  during  the  early  transient  stage  after  firing --the 
transients  being  due  to  the  faulty  stand  and  not  to  the  rocket.  To  those 
who,  without  understanding  the  role  of  the  stand,  have  to  make  respon¬ 
sible  judgments  as  to  rocket  performance,  such  cards  are  misleading  — 
sometimes  alarming.  These  phenomena  are  analyzed  and  explained  in 
this  paper.  On  the  basis  of  this  dynamical  analysis,  formulae  are  set 
up  for  the  design  of  a  shock  absorber  to  relieve  the  initial  thrust  peak, 
and  formulae  for  the  design  of  a  complete  spring  system  for  eliminating 
the  gap,  the  excessive  second  peak,  and  the  oscillatory  approach  to  the 
steady  thrust  value.  Application  of  the  design  formulae  to  the  stand 
used  for  testing  a  specific  Jato  rocket  is  worked  out  and  exhibited 
graphically. 


Attention  has  been  directed  to  the  design  of 
shock  buffer  springs  for  a  stand  currently  in 
use  for  measuring  the  thrust  produced  by  rockets 
with  brisant  ignitors.  The  unsatisfactory  be¬ 
havior  of  the  stand  without  buffer  springs  has 
been  studied,  causes  of  its  misbehavior  inves¬ 
tigated,  and  a  redesign  carried  out. 


DESCRIPTION  OF  THRUST  STAND  ASSEMBLY 


The  rocket  is  cradled  in  a  channel  iron  and 
is  fastened  thereto  by  two  chains  wrapped  around 
the  upper  half  of  the  cylindrical  rocket  bottle. 
The  channel  is  suspended  by  leaf  springs  as 
shown  in  Figure  1.  At  the  forward  or  ignitor 
end  of  the  channel,  an  adjustable  bolt  B  threads 


into  a  steel  block  fixed  to  the  channel.  The  bolt 
B  may  be  turned  and  thereby  adjusted  longitu¬ 
dinally  until  its  head  comes  into  contact  with 
the  head  H  of  the  thrust  measuring  instrument. 
By  further  turning  of  bolt  B,  the  thrust  meas¬ 
uring  instrument  may  be  prestressed,  in  which 
case,  the  leaf  springs  and  small  helical  spring 
s  are  deflected.  A  shaft  from  head  H  runs  back 
into  a  cylindrical  strain  gage,  the  base  of  the 
container  being  fixed  in  a  heavy  concrete  block. 
As  the  thrust  T  which  b  exerts  upon  h  varies, 
so  varies  the  resistance  of  the  strain  gage. 
This  resistance  is  in  one  leg  of  a  bridge  circuit 
which  yields  a  voltage  proportional  to  the  thrust 
T.  This  voltage  is  amplified  and  operates  a 
cathode-ray  tube,  whose  fluorescent  spot  then 
moves  a  distance  proportional  to  T .  The  bril¬ 
liant  point  on  the  cathode  screen  is  focused  upon 
a  moving  photographically  sensitive  screen,  the 
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Figure  1  -  Thrust  stand  assembly 


motion  of  this  paper  being  proportional  to  the 
time  and  at  right  angles  to  the  motion  of  the 
bright  point.  In  this  manner,  one  obtains  a  graph 
of  the  thrust  T  versus  the  time  t.  A  similar 
strain  gage  set-up  actuated  by  the  internal  pres¬ 
sure  P  inside  the  rocket  bottle  yields  a  graph 
of  the  internal  rocket  pressure  versus  the  time  t. 

The  graphs  of  T  versus  t  and  P  versus  t  ob¬ 
tained  by  this  test  stand  and  its  instrumentation 
are  typified  by  the  curves  shown  in  Figure  2. 
This  figure  shows  only  the  early,  transient  and 


Figure  2  -  Time  graphs:  P  -  pressure,  R  » 
reaction,  T  «  thrust  without  buffer  springs, 
B  =  thrust  with  buffer  springs 


violent  part  of  the  T  graph— which  approaches, 
of  course,  the  graph  of  R,  the  actual  rocket 
reaction. 


PRINCIPAL  FEATURES  OF  THRUST  STAND 
PERFORMANCE 


From  the  fluid  mechanics  of  flowthrough  the 
nozzle,  it  has  been  shown  elsewhere  that  the 
rocket  reaction  R  due  to  the  supersonic  jet  is 
related  to  the  pressure  intensity  p  inside  the 
bottle  by  the  equation, 

R  «  1.48  P. 

Initially,  there  is  a  plastic  plug  in  the  nozzle 
whose  purpose  is  to  confine  the  gases  from  the 
burning  fuel,  allow  the  pressure  to  build  up,  and 
increase  the  rate  of  burning.  The  time  when 
this  plug  blows  out  is  shown  on  the  P  curve  by 
a  small  jiggle  at  time  marked  tp.  During  the 
time  from  0  to  tp,  the  rise  in  P  is  shown  by  the 
graph.  However,  during  this  time,  the  rocket 
reaction  R  is  zero,  because  the  pressure  in  the 
closed  bottle  acts  equally  on  both  ends.  After 
tp,  the  equation  R  =  1.48  P  applies.  To  keep 
the  figure  as  simple  as  possible,  the  P  and  r 
graphs  are  shown  as  one  after  tp  -  which  may  be 
done  by  supposing  them  to  be  plotted  to  different 
scales  in  the  ratio  1.48. 

It  is  important  now  to  recall  that  the  real 
purpose  of  this  thrust  stand  and  its  instrumen¬ 
tation  is  to  measure  the  actual  rocket  reaction 
R  and  its  manner  of  varying  with  time.  We  note 
first  that  the  force  which  we  have  denoted  by  T 
acts  on  the  head  H  of  the  pressure  transducer 
and  is  not  at  all  the  same  force  as  R.  Between 
the  force  R  and  the  measured  force  T,  there 
intervenes  the  dynamics  of  the  stand.  Our  first 
task  is,  therefore,  to  account  for  the  startling 
differences  between  the  curves  for  T  and  R  dur¬ 
ing  the  early  or  transient  stage  of  the  rocket 
firing.  The  T  curve  looks  alarming  and  might 
well  be  misinterpreted  as  indicating  an  actual 
misbehavior  of  the  rocket,  whereas  the  P  and 
hence  the  R  curve  are  smooth  except  for  the 
small  bobble  when  the  plug  blows.  This  is  shown, 
of  course,  by  the  actual  experimental  P  curves. 
The  experimental  T  curve  settles  down  after  the 
transients  die  out  and  approaches,  of  course, 
the  experimental  R  curve.  The  alarming  fea¬ 
tures  of  the  T  curve  are  explained  as  follows. 

The  first  peak  marked  I  on  the  T  curve  is 
due  to  the  sudden  reaction  produced  by  the 
ignitor  when  it  explodes.  The  ignitor  fires  its 
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charge  toward  the  nozzle  and  ignites  the  rocket 
grain.  The  reaction  impulse  on  the  ignitor  end 
of  the  bottle  is  transmitted  through  the  channel 
and  bolt  B  to  the  head  H  of  the  pressure  trans¬ 
ducer.  The  contact  between  B  and  H,  which  was 
severe  because  of  the  verybrisant  ignitor  used, 
lasted  only  about  0.004  seconds,  being  broken 
at  time  tQ  -  this  time  tQ  =  0.004  seconds  being 
measured  from  an  actual  experimental  graph. 
This  indicates  that  contact  between  B  and  H 
acts  like  a  very  stiff  spring.  In  fact,  an  estimate 
is  easily  made  of  the  stiffness  of  this  spring  as 
follows. 

The  mass  of  the  channel  and  rocket  (270  lb) 
oscillates  approximately  sinusoidally  as  shown 
after  time  tD.  From  measurements  on  an  actual 
indicator  card,  the  period  of  this  oscillation 
was  t  =  0.0136  seconds.  Using  the  well  known 
formula  from  the  theory  of  harmonic  motion, 


and  inserting  the  numbers  (g  =  386),  we  get, 
after  solving  for  k,  the  value  k  «  149,000  lb  per 
inch  spring  rate. 

A  measure  may  also  be  made  of  the  violence 
of  the  initial  impulse  imparted  by  the  ignitor  to 
the  moving  parts  (rocket  and  channel).  The 
area  under  the  T  versus  t  curve  is  a  measure 
of  momentum.  The  initial  momentum  of  the 
moving  mass  is  WVQ/g  where  w  =  2701b,  g  «  386 
in  per  sec2,  and  the  initial  momentum  V0  is  to 
be  calculated. 

Since  this  momentum  was  reduced  by  the 
B-H  spring  action  to  zero  at  the  instant  T  attained 
its  I  peak  maximum,  we  equate  the  area  from 
t  =  0  to  this  instant  of  maximum  to  the  initial 
momentum  wvo/g.  Using  data  from  an  experi¬ 
mental  T  versus  t  curve  and  solving  for  VQ,  we 
get  the  value  VQ  =  25  in  per  sec.  Had  the 
spring  action  between  B  and  H  been  softer,  the 
high  I  peak  would  have  been  smaller  and  its 
time  base  tQ  would  have  been  much  wider— thus 
eliminating  the  startling  I  peak.  This  indicates 
the  introduction  of  a  soft  spring  (with  k  much 
less  than  149,000)  between  H  and  the  moving 
mass. 

At  the  time  marked  tG,  the  bolt  B  obviously 
parts  company  with  head  H,  since  the  instrument 
indicates  a  time  gap  of  zero  thrust  thereafter. 
Since  the  moving  parts  are  then  going  backward, 
a  gap  opens  up  between  B  and  H .  This  gap  was 
measured  by  fixing  a  pencil  to  the  rigid  frame 
of  the  stand  so  that  its  point  bore  upon  a  piece 
of  paper  fixed  to  the  channel.  The  length  of  the 


mark  on  the  paper,  and  consequently  the  length 
of  the  gap  was  of  the  order  of  1/8  in. 

The  next  event  of  significance  is  the  plug 
blow  out  at  time  tp.  At  this  instant,  the  high 
pressure  gases  begin  to  flow  out  the  nozzle  at 
supersonic  speed.  A  forward  (to  the  left  in 
Figure  1)  reaction  force  R  develops  on  the  bot¬ 
tle,  driving  the  channel  to  the  left  and  closing 
the  gap.  While  closing  the  gap,  during  which 
time  no  force  opposes  the  jet  reaction,  the  mov¬ 
ing  parts  gain  momentum.  Consequently,  when 
B  comes  again  into  contact  with  H,  the  head  H 
suffers  another  impact  -  like  that  of  a  hammer 
striking  an  anvil. 

The  beginning  of  this  impact  occurs  at  time 
tc.  In  stopping  the  moving  parts,  the  thrust  T 
rises  rapidly  and  produces  the  peak  marked  C 
in  Figure  2,  the  maximum  of  this  C  peak  being 
from  3  to  5  times  the  actual  jet  reaction  the  T 
curve  is  intended  to  measure.  In  some  cases, 
the  rebound  opens  up  the  gap  again  and  the  T 
curve  to  the  right  of  c  goes  down  to  the  time 
axis  as  indicated  by  the  extrapolated  line  cross¬ 
ing  at  tD.  The  time  interval  from  tc  to  tD  is  of 
the  order  of  0.008  sec— which  indicates  a  still 
more  powerful  impact  at  c  than  the  ignition  im¬ 
pact  I .  The  usual  behavior,  however,  is  shown 
in  Figure  2  where  T  is  exhibited  as  approach¬ 
ing  the  R  curve  like  a  damped  sinusoid. 

From  this  discussion,  it  should  be  clear  that 
the  gap  (causing  the  astonishing  C  peak)  is  due 
to  the  fact  that  the  S  spring  (see  Figure  1)  is 
too  weak  to  hold  bolt  head  B  against  transducer 
head  H.  This  indicates  that  we  should  use  a 
stiffer  S  spring  suspension  supporting  the  chan¬ 
nel  rocket  cradle. 

To  sum  up  this  section,  the  remedies  for  the 
whole  dynamical  misbehavior  of  the  thrust  stand 
consist  in  our  adoptingtwo  measures:  (1)  intro¬ 
duce  a  buffer  spring  B  between  the  channel 
cradle  and  the  bolt  head  to  take  care  of  the 
ignitor  impulse;  and  (2)  use  a  stiffer  spring  s 
between  the  channel  and  the  rigid  base  of  the 
thrust  stand  to  prevent  the  formation  of  a  gap 
between  B  and  H,  which  gap  caused  the  extra¬ 
ordinary  c  peak. 


THEORY  OF  THE  BUFFER  SPRINGS 


We  show  schematically  in  Figure  3a  the  mass 
W ,  together  with  the  B  spring  of  stiffness  K  (lb 
per  in)  and  the  S  spring  of  stiffness  k.  This 
figure  illustrates  the  state  where  both  springs 
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Figure  3  -  Analysis  of  buffer  spring  action: 
(a)  condition  before  pre-load,  (b)  condition  after 
pre-load,  (c)  condition  after  firing  W  displaced  X 


just  touch  the  mass  w,  with  B  and  H  just  touch¬ 
ing,  and  without  exerting  force  on  each  other. 

Figure  3b  shows  what  happens  when  the 
spring  S  is  compressed  and  a  pre-load  is  ap¬ 
plied.  This  pre-load  is  produced  by  adjusting 
the  nut  at  the  end  of  the  helical  part  of  the  S 
spring.  The  nut  end  of  S  is  moved  a  distance  D, 
while  the  w  end  is  moved  a  distance  C,  thus 
compressing  the  s  spring  the  amount  D-C  and 
producing  therein  a  compression  k(D-C),  which 
acts  to  the  left  on  v.  At  the  same  time,  the  B 
spring  is  compressed  C  and  exerts  a  force 
T0  =  KC  on  »  to  the  right.  Te  is  the  pre-load  on 
the  head  H.  When  the  mass  W  is  in  equilibrium, 

T0  -  KC  =  k(D  -  C)  -  F0  (1) 

and  the  rocket  is  ready  for  firing. 

Suppose  now  that  the  ignitor  is  exploded. 
This  occurs  in  a  very  short  time  and  imparts  to 
W  an  initial  velocity  V0  to  the  left  practically 
instantaneously,  w  moves  to  the  left,  thus 


increasing  the  compression  in  the  B  spring  and 
reducing  that  in  the  S  spring.  When  w  has  moved 
a  distance  x  from  its  equilibrium  pre-loaded 
position,  the  forces  are  as  shown  in  Figure  3c— 
namely,  the  B  spring  exerts  a  force  T  »  X(C  +  x) 
to  the  right  and  the  s  spring  exerts  a  force 
k(D  -  c  -  x)  to  the  left. 


The  resultant  force  on  V  to  the  right  is 

T  -  F  «  K(C  +  x)  -  k(D  -  C  -  x) 

*  (K  +  k)x  -  [KC  -  k(D  -  C)]. 

From  (1),  we  see  that  the  term  in  brackets  is 
zero.  Hence,  the  unbalanced  force  acting  on  w 
to  the  right  isG  =  T-  F=(K  +  k)x.  This  is  the 
general  expression  for  the  unbalanced  force  on 
W  for  any  value  of  x,  whether  x  is  positive  or 
negative.  Neglecting  damping  forces,  the  equa¬ 
tion  of  motion  of  w  is  then, 


|  x  -  -  (K  +  k)  x. 


(2) 


This  differential  equation  is  subject  to  the  initial 
conditions. 


(1)  When  t  *  o,  then  x  *  0. 

(2)  When  t  -  0,  then  x  =  VD 
The  solution  is  well  known  and  is 


(3) 


x  *  —  sin  ut  »  x  sin  wt 


(4) 


where 


and  the  period  of  oscillation  is 
2k 


(5) 


(6) 


The  equation  for  the  velocity  at  time  t  is 

x  =  V  =  v  COS  (dt  *  WX„  COS  wt.  (7) 

o  m  '  ' 

Since  the  thrust  on  head  H  is  I  =  K(C  +  x) 
=  ,T  +  Kx ,  we  have 


T  =  T„  +  Kx  =  T  +  Kx_  sin  ut. 

o  om 


(8) 


Equations  (4)  (7)  (8)  show  how  the  thrust  stand 
behaves  with  buffer  springs  B  and  H  in  place 
during  the  time  interval  from  t  »  o  to  t  =  tp . 
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Suppose  now  that  the  nozzle  plug  blows  out 
at  time  tp  and  that  the  jet  reaction  R  begins  at 
this  instant.  To  idealize  a  bit,  let  us  assume 
that  R  is  a  step  function,  namely,  that  R  in¬ 
creases  instantly  at  time  tp  from  zero  value 
preceding  tp  to  a  constant  value  R  for  all  time 
after  tp.  Referring  to  Figure  3,  we  must  now 
add  a  constant  force  R  to  the  left  on  w  in  addi¬ 
tion  to  the  two  spring  forces.  The  new  equi¬ 
librium  position  of  W  may  be  calculated  from 
the  equation, 

R„  -  KC'  =  R  +  k(D  -  C' )  (9) 

where  Ro  will  be  the  steady  thrust  as  measured 
by  the  pressure  transducer.  Solving  (9)  for  c’ 
and  using  (1),  we  get 

c'  =imr=r?T  +  c  <w> 

which  locates  the  new  equilibrium  position  for 
W.  Subtracting  (see(l))  C  «  kD/(K  +  k)  from  C', 
we  locate  the  new  equilibrium  position  of  w  at 
a  distance 

E  -  C  *  C  *  ^  (ID 

to  the  left  of  the  former  equilibrium  position. 
Using  (1)  and  (10)  in  (9),  we  get 

Ro  ■  iTTk  (R  +  kD)  ■  ITTk  +  V  (12) 

Solving  (12)  for  R  gives 


to  the  right  on  w.  Note,  however,  that  the 
thrust  T  on  the  pressure  transducer  head  H  is 
due  only  to  the  B  spring  (which  is  all  that 
touches  H)  and  has  the  value 

T  =  K(C'  +  y).  (15) 

Regarding  y  as  positive  to  the  left,  the  differen¬ 
tial  equation  of  motion  of  w  is 

|  y  -  -  (K  +  k)y.  (16) 

This  differential  equation  is  of  exactly  the  same 
form  as  (2),  but  is  subject  to  the  new  conditions: 

(1)  When  t  =  tp,  theny(tp)  =  xm  sin«tp  - 

(17) 

(2)  When  t  -  tp,  theny(tp)  =  uxm  cos  wtp. 

which  mean  respectively  that  the  position  of  w 
and  its  velocity  at  time  tp  must  be  the  same 
whether  calculated  by  using  the  x  equations 
preceding  tp  or  the  y  equations  which  hold 
after  tp. 

The  solution  of  (16)  is 

y  *  ym  sin  u(t  -  to>  (18) 

with 

y  ■  wym  cos  U(t  -  to>.  (19) 

The  first  condition  in  (17)  requires  that 

ym  sin  «(tp  -  tD)  -  xm  sin  «tp  -  (20) 


R  3  14JL  (Ro  ’  To)  (I3) 

which  is  a  useful  formula  since  both  R0  and  Tc 
will  be  known. 

But  let  us  return  now  to  the  calculation  of  the 
T  curve  for  time  after  tp.  Suppose  that  w  be  dis¬ 
placed  a  distance  y  to  the  left  of  its  new, equi¬ 
librium  position  specified  by  (11).  The  con¬ 
stant  force  R  will  now  act  to  the  left  on  W  in 
addition  to  the  spring  forces.  If  one  shows  this 
force  R  in  Figure  3,  it  is  easy  to  see  that  the 
resultant  force  on  ff  to  the  right  is 

G  *  K(C'  +  y)  -  R  -  k(D  -  C'  -  y) 


while  the  second  requires  that 


ym  cos  w(tp  -  tQ)  -  xm  cos  utp.  (21) 


Squaring  these  two  equations  and  adding  elimi¬ 
nates  to  and  gives 


j  2  2xmR  sin  <dtp 

!  R  \ 

1  m  K  +  k 

IK  +  k) 

(22) 


where,  in  using  this  equation,  to  calculate  ym,  we 
shall  always  take  ym  to  be  positive,  which  can 
be  done  by  proper  adjustment  of  the  phase  to. 
After  calculating  ym  from  (22),  it  is  an  easy 
matter  to  calculate  tQ  by  use  of  trigonometric 
tables  from  (21). 


=  (K  +  k)y  +  [KC'  -  k(D  -  C'  )  -  R] 

where  the  bracket  is  zero  by  virtue  of  (9). 
Hence,  the  resultant  force  is 

G  -  (K  +  k)y  (14) 


Thus,  t0  =  lp  '  i  arccos  (^-  cos  oitp'j.  (23) 

Upon  substituting  the  values  for  ym  and  t  given 
in  (22)  and  (23)  into  (19),  the  motion  after  tp  is 
completely  determined. 


Figure  4  -  Graphs  of  X,  X,  T  vs.  t 


Graphs  showing  how  the  two  branches  of  the 
displacement  curve  (the  x  branch  to  the  left  of 
tp  and  the  y  branch  to  the  right  of  tp)  join  at 
tp  are  shown  in  Figure  4.  Similar  curves  are 
shown  for  the  velocity  and  thrust,  where 

T  =  R0  +  Kym  sin  w(t  -  tQ).  (24)  Ti  =  To  +  ** m  sin  ut-  (Cl) 

BRANCH  2 

DESIGN  EQUATIONS 

x2 =  sin  u(t  -  »„) +  jnhk  ’ 

For  quick  reference  in  , design  calculations,  *  «  uy  cos  u(t  -  t  ),  (B2) 

we  summarize  here  the  essential  equations  gov¬ 
erning  design  of  the  B  and  s  buffer  springs.  T2  '  Ro  +  Kym  sin  “C4  '  *0)*  (c*) 

The  subscripts  1  and  2  will  be  used  to  dis-  To  make  a  tentative  design,  we  assume  the  fol- 

tinguish  quantities  respectively  preceding  and  lowing  parameters: 

following  tp  in  time.  That  part  of  a  curve  for 

t  <  tp  will  be  called  its  Branch  1,  while  that  W,  V0,  R,  k,  K,  T0,  tp,  (D) 

part  for  t  >  tp  will  be  called  its  Branch  2,  tp 

being  the  branch  point.  and  calculate  the  following  quantities: 


BRANCH  1 


sin  wt, 

(A,) 

cos  wt, 

(BO 

214 


(E) 

(F) 

Vo 

x  *  —  . 

(G) 

m  (j  1 

R°  n  T°  ’ 

(H) 

_/o  2xmR  sin  utP  .  f  R  \2 

ym  yxm  "  K  +  k  \K  +  k)  * 

(i) 

1 


Substitute  these  into  (A)  (B)  (C),  graph  the  per¬ 
formance  curves.  If  the  performance  curves 
are  not  satisfactory,  one  assumes  a  different 
set  of  values  for  the  spring  stiffnesses  k  and  K, 
and  tries  again. 

Concerning  the  parameters  (D),  the  follow¬ 
ing  values  are  the  final  ones:  w  «  270  lb  (given), 
VQ  =  25  in  per  sec  (average  value  for  the  present 
ignitor— although  efforts  are  being  made  to 
reduce  this),  R  *  1,000  lb  (thrust  for  which  this 
jato  was  designed— although  this  will  be  meas¬ 
ured  in  every  performance  test),  T0  =  1,000  lb 
(selected  after  a  few  trials  as  satisfactory), 
tp  =  .031  seconds  (average  of  many  experimental 
values),  k  =  k  =  2,0001b  per  in  (selected  as  sat¬ 
isfactory  after  a  number  of  trials).  Using  these 
values  in  equations  (E  -  J),  we  calculate  the 
quantities  w  =  75.6  radians  per  sec,  t  =  .083 
sec,  xm  «  .33  in,  Ro  =  1,500  lb,  ym  «  .234  in, 
tn  »  .0113  sec.  Using  these  values  in  equations 
(A)  (B)  (C),  we  get 

Xj  ■  .33  sin  75.6  t, 

Xj  =  25  cos  75.6  t, 

Tx  =  1000  +  660  sin  75.6  t, 

x2  =  .25  +  .234  sin  75.6(t  +  .0113), 

k2  =  17.7  cos  75. 6( t  +  .0113), 

T2  =  1500  +  468  sin  75.6(t  +  .0113). 

Graphs  of  these  curves  are  shown  in  Figure  4. 
Figure  4a  shows  the  displacement  x  (Branch  1 
and  2)  of  w  as  a  function  of  t  —this  is  also  the 
B  spring  deflection.  Figure  4b  shows  the  veloc¬ 
ity  x  of  W.  And  Figure  4c  shows  the  thrust  T  on 
transducer  head  H— this  is  also  the  compression 
in  the  B  spring. 


—  COS  (dtp 
1 


(J) 


In  the  next  section,  we  discuss  the  results  of 
this  design  upon  the  performance  of  the  thrust 
stand.* 


DISCUSSION  OF  RESULTS 


Operation  of  Thrust  Stand  with  Buffer  Springs 

The  effects  of  the  buffer  springs  upon  the 
appearance  of  the  T  versus  t  curves  may  be 
seen  by  comparing  the  alarming  I  and  C  peaks 
shown  in  Figure  2  with  the  corresponding  peaks 
marked  I  and  C  on  Figure  4c.  To  simplify  the 
present  theory  of  the  buffers,  damping  was 
neglected  (following  the  usual  "High  Q"  design 
procedure).  Actually,  the  T  versus  t  curve 
shown  in  Figure  4c  settles  down  to  the  constant 
value  R0  after  the  transients  die  out  in  much  the 
same  fashion  as  the  original  startling  T  curve 
of  Figure  2. 

To  bring  out  still  more  clearly  the  effects  on 
the  T  curve  produced  by  buffer  springs,  a 
dashed  curve  marked  B  on  Figure  2  is  shown 
which  typifies  the  new  T  versus  t  curves  to  be 
expected  when  buffers  are  used.  It  will  be  noted 
that  no  excessive  or  alarming  peaks  occur  and 
that  the  gap  is  completely  eliminated.  In  other 
words,  the  buffers  civilize  the  transient  per¬ 
formance  of  the  thrust  stand. 

It  is  important  to  note  that  the  steady  value 
R0  to  which  the  T  curve  settles  down  is  not  the 
actual  rocket  or  jato  thrust  R.  The  actual  rocket 
thrust  R  is  to  be  calculated  from  the  formula 

*  -  (Ro  -  To>-  (W) 


*In  the  original  paper  of  which  this  is  a  con¬ 
densation,  a  number  of  additional  points  of  de¬ 
sign  importance  are  discussed:  the  optimum 
design,  a  family  of  T  curves  for  different  tp 
values,  choice  of  pre-load  T0,  effects  of  varying 
ignitor  brisance,  guiding  factors  in  choice  of 
buffer  spring  stiffnesses,  effects  of  damping, 
effects  of  shock  waves  inside  the  bottle,  and 
others . 

The  complete  article,  made  of  more  complete 
expository  nature  at  the  request  of  the  Power 
Plant  Laboratory,  WADC,  contains  many  details 
not  included  in  the  present  condensed  version. 
This  paper  may  be  obtained  from:  Mr.  Emil 
Malick,  Manager,  Rocket  Fuels  Division,  Phil¬ 
lips  Petroleum  Company,  McGregor,  Texas. 
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formula,  K  is  the  stiffness  of  the  B  buf- 
is  the  stiffness  of  the  s  buffer,  T  is  the 
thrust  on  the  pressure  transducer  head 
R0  is  the  steady  value  of  T.  T  is  large 
present  case  and  must  be  measured  just 
the  rocket  is  fired  (it  might  well  be 


checked  afterward  also),  r  is  also  to  be  deter¬ 
mined  experimentally  as  the  steady  value  of  T 
on  the  T  versus  t  curve.  These  remarks  are 
made  because  uncritical  operators  of  the  thrust 
stand  might  (and  sometimes  do)  assume  that  R 
is  the  actual  steady  rocket  thrust.  It  is  not  ° 


*  * 


* 
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LABORATORY  METHOD  FOR  SIMULATING 
SHOCK  TO  MAGNETIC  GRADIOMETERS 

R.  C.  Lowry,  U,  S.  Navy  Mine  Defense  Laboratory 


While  evaluating  a  very  sensitive  instrument  as  a  possible  mine  location 
tool,  it  was  noted  that  the  equipment  under  consideration  frequently  was 
out  of  adjustment  when  it  arrived  aboard  ship.  In  order  to  determine 
the  cause  of  this  misalignment,  a  series  of  tests  was  designed  and  com¬ 
pleted  to  check  the  equipment  when  exposed  to  a  variety  of  light  shocks. 
The  general  statistical  methods  and  procedures  followed  in  gathering 
and  processing  data  are  outlined  in  this  paper. 


The  Underwater  Ordnance  Locator  Mark  2, 
which  was  developed  by  the  Naval  Ordnance 
Laboratory  during  World  War  II  as  a  means  for 
the  recovery  of  lost  experimental  torpedoes, 
has  been  considered  as  a  means  for  location  of 
enemy  mines,  and  a  system  for  its  effective  use 
was  to  be  developed.  This  equipment  was  con¬ 
sidered  to  be  free  from  serious  defects,  because 
during  the  intervening  years  since  its  develop¬ 
ment  few  complaints  had  come  to  light  concern¬ 
ing  its  performance.  When  the  system  require¬ 
ments  were  determined,  it  was  found  that  the 
mine  location  problem  was  more  stringent  than 
first  supposed,  and  the  detector  would  have  to 
consistently  operate  at  peak  performance  to  be 
successful.  Spurious  excitation  would  have  to 
be  kept  to  a  level  of  about  four  microgauss  per 
foot,  and  the  detector  would  have  to  be  able  to 
maintain  this  low  background  for  weeks  at  a 
time. 

The  Mark  2  Detector  is  a  magnetic  gradiom- 
eter  which  consists  roughly  of  two  magnetom¬ 
eters  which  are  fixed  at  opposite  ends  of  a  tube 
which  serves  to  fix  a  spatial  separation,  house 
and  support  the  units,  and  provide  a  means  for 
making  fine  adjustments  to  the  units.  The  mag¬ 
netometer  outputs  are  compared  electronically, 
amplified,  and  are  ultimately  presented  to  the 
user  by  a  dc  meter  for  interpretation.  The 


extreme  sensitivity  of  the  instrument  makes  the 
interrelationships  of  all  components,  either 
mechanical  or  electrical,  extremely  precise. 

The  detector  proper  is  contained  in  an  alu¬ 
minum  tube  which  is  six-ft  long  and  about  four-in 
in  diameter.  It  has  a  cable  port  at  one  end,  and 
weighs  about  45  lb.  Figure  1  is  a  photograph  of 
a  detector  being  handled  by  a  man  of  about  aver¬ 
age  size.  After  making  all  adjustments  to  the 
required  precision,  and  transporting  the  de¬ 
tectors  to  the  point  of  use,  it  almost  invariably 
was  found  that  the  adjustments  had  been  affected, 
and  the  detectors  could  not  attain  the  required 
low  levels  of  spurious  excitation.  No  idea  or 
theory  could  satisfactorily  explain  what  had  hap¬ 
pened  between  the  alignment  area  and  the  ship, 
since  extreme  care  was  always  exercised  in 
handling.  In  beginning  the  investigation  of  the 
cause  of  this  problem,  a  process  of  testimonial 
solicitation  was  initiated. 

The  results  of  this  effort  were  far  more 
amazing  than  satisfying.  One  person  told  of  a 
freak  accident  in  which  a  detector  had  been 
catapulted  a  height  (estimated)  of  thirty  ft  in  the 
air,  falling  to  the  beach.  He  reinstalled  the  unit 
without  checking  for  possible  damage,  and  found 
that  it  worked  as  well  as  before.  Some  other 
testimony  was  to  the  effect  that  the  detectors 
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Figure  1  -  Mark  2  detector 


were  not  shock  sensitive  at  all,  but  that  tem¬ 
perature  and  moisture  were  almost  entirely  to 
blame,  and  told  of  experiences  which  led  to  ac¬ 
ceptance  of  that  idea.  After  two  weeks  of  lis¬ 
tening  to  such  reports,  it  was  difficult  to  hold 
any  firm  convictions  concerning  anything  at  all 
related  to  Mark  2  Detectors.  The  lack  of  pre¬ 
cise  and  unbiased  observation  was  quite  evident, 
and  the  need  for  some  specific  tests  was  clear. 

In  preparation  for  the  tests,  a  number  of 
factors  had  to  be  considered  carefully,  both 
from  the  purely  technical  and  from  the  purely 
economic  viewpoint.  The  complexity  of  the 
equipment  and  the  difficulty  of  its  adjustment 
had  been  a  major  factor  in  determining  the  seri¬ 
ousness  of  the  problem.  The  time  required  to 
make  adjustments  was  costly,  and  in  addition, 
special  facilities  free  from  stray  magnetic  fields 
had  to  be  used.  The  tests  would  have  to  be  con¬ 
ducted  out  of  doors  at  some  distance  from  the 
laboratory.  From  a  purely  technical  standpoint, 
the  following  factors  were  to  be  investigated: 

1.  Magnitude  of  impact, 

2.  Direction  of  travel  of  the  impact, 

3.  Duration  of  the  impact, 


4.  Comparison  of  the  results  of  the  above 
factors  for  different  detectors. 

It  was  assumed  that  the  experience  which  led  to 
the  belief  in  the  shock  sensitivity  hypothesis 
was  more  valid  than  that  which  resulted  in  the 
climatic  disturbance  theory.  Had  this  assump¬ 
tion  been  wrong,  the  test  should  so  indicate  by 
failing  to  show  significance  for  any  of  the  above 
factors. 

Some  other  limitations  had  to  be  imposed  for 
economic  reasons.  The  tests  must  not  result 
in  damage  to  the  detectors,  because  of  the  high 
cost  and  scarcity  of  them.  The  peak  accelerar 
tion  imposed  and  the  duration  of  the  impulse 
had  to  be  within  the  range  which  was  expected 
to  be  encountered  operationally.  In  testing  for 
effects  or  impact  direction,  it  was  necessary  to 
choose  a  sufficient  number  of  directions  so  that 
peculiar  characteristics  could  be  missed.  Fi¬ 
nally,  since  the  time  required  would  be  con¬ 
siderable,  the  test  procedure  should  be  simple 
enough  for  a  subprofessional  assistant  to  carry 
out  with  limited  supervision. 

Preliminary  tests  were  conducted  to  deter¬ 
mine  the  best  approach  to  the  problem.  The 
simplest  manner  for  imposing  shock  appeared 
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to  be  to  raise  the  detector  a  calibrated  distance 
and  drop  it.  The  control  of  direction  is  easily 
managed  by  dropping  the  detector  in  various 
orientations.  The  control  of  deceleration  time 
is  easily  handled  by  choice  of  the  surface  upon 
which  the  detector  is  dropped.  From  the  pre¬ 
liminary  tests  the  following  ranges  of  the  vari¬ 
ables  were  selected: 

(1)  The  impacts  would  be  obtained  by  drops 
between  2-1/2  and  6  ft  into  a  flat  bed  of 
sand;  the  6-ft  drop  resulted  in  a  meas¬ 
ured  acceleration  of  15  g  with  an  impulse 
length  of  about  0.2  sec. 

(2)  The  orientations  would  consist  of  six 
radial  positions  plus  two  axial  ones,  the 
six  radial  positions  separated  by  60 
degrees  rotation  about  the  longitudinal 
axis. 

No  drops  were  to  be  attempted  with  the  longi¬ 
tudinal  axis  varying  from  the  vertical  or  hori¬ 
zontal  positions  because  the  accelerations 
measured  where  one  end  of  the  detector  struck 
the  earth  before  the  other  were  found  to  be  always 
less  than  when  both  ends  landed  simultaneously. 

It  was  decided  to  make  all  drops  into  dry 
sand  and  assume  that  the  deceleration  time 
would  be  essentially  constant  for  all  degrees  of 
impact.  The  size  and  shape  of  the  detector 
made  this  assumption  valid  when  the  detector 
was  dropped  in  any  of  the  six  horizontal  orien¬ 
tations,  and  it  was  decided  to  ignore  the  differ¬ 
ence  when  the  vertical  drops  were  made.  Ac¬ 
tually,  when  dropped  in  dry  sand  of  considerable 
depth,  the  impact  in  vertical  drops  would  be  less 
and  the  deceleration  time  longer  due  to  greater 
penetration  of  the  bed.  Where  the  sand  bed  is 
shallow  and  backed  up  by  a  firm  surface,  the 
impact  is  made  far  more  severe. 

Once  the  above  decisions  were  reached,  the 
next  step  was  to  consult  a  statistician.  He 
studied  the  test  requirements,  and  submitted 
a  design  for  the  tests.  The  statistical  experi¬ 
ment  design  called  for  equal  gradations  in  the 
two  variables  (1)  impact  and  (2)  orientation. 
Since  eight  orientations  had  been  selected,  the 
range  of  free-fall  distances  was  divided  into 
eight  segments  varying  in  half -foot  steps.  It 
was  recognized  that  the  individual  magnetom¬ 
eters  would  yield  separate  misalignments,  so 
that  each  drop  or  test  would  yield  two  separate 
observations.  Figure  2  is  a  grid  of  64  squares 
upon  which  the  possible  combinations  of  the  two 
variables  are  entered  and  numbered.  The 
degrees  of  impact  and  the  various  orientations 
are  given  code  symbols  for  shorthand  purposes 
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Figure  2  -  Grid  showing  the  combinations  of 
orientation  and  impact 


such  as  Ij,  I.  ---  in  and  o.,  o,  ---  0  .  The 
symbol  In  0n  does  not  indicate  the  product  of  I 
and  0 ,  but  merely  the  combination  of  the  two 
values  of  the  variables  in  the  single  test. 

To  eliminate  as  much  bias  as  possible  from 
the  tests,  the  order  of  testing  was  randomized, 
Such  uncontrolled  factors  as  climatic  changes, 
instrument  calibration  drifts,  and  especially 
the  psychological  effects  of  the  tests  themselves 
upon  the  operator,  can  be  influential  in  the  out¬ 
come  of  the  tests  unless  their  effects  are  con¬ 
fused  by  randomization.  The  actual  process  is 
simple,  and  can  be  accomplished  by  taking  the 
grid  of  Figure  2  and  cutting  out  all  the  blocks; 
place  them  in  a  hat,  shake  well,  and  draw  them 
out  one  at  a  time  to  obtain  the  order  of  testing. 

As  the  complete  data  comes  in,  it  is  un¬ 
scrambled  and  a  chart  such  as  Table  1  is  ob¬ 
tained.  This  chart  shows  the  actual  measured 
misalignments  obtained  during  the  tests  for  one 
magnetometer  of  one  detector.  Four  detectors 
were  tested,  so  that  in  all  eight  charts  similar 
to  Table  1  were  obtained.  The  rows  and  col¬ 
umns  are  added  and  averaged.  The  statistical 
handling  of  data  is  best  omitted  here  because  it 
is  laborious  and  principally  arithmetic.  It  is 
sufficient  to  say  that  from  the  data  of  Table  1, 
the  data  in  Table  2  are  calculated.  From  the 
data  of  Table  2  the  variables  can  be  tested. 
The  two  last  columns  headed  F  and  F(.05)  are 
compared  as  follows: 
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TABLE  1 

Misalignments  Measured  during  Tests  for  One  Magnetometer  of  One  Detector 


Impacts 

Orientations 

1 

2 

3 

4 

5 

6 

7 

8 

Total 

Mean 

1 

0.0 

1.0 

0.5 

0.5 

0.0 

11.0 

0.5 

8.0 

21.5 

2.68 

2 

3.0 

2.0 

1.0 

1.0 

3.0 

0.5 

17.0 

18.0 

45.5 

5.69 

3 

2.0 

0.0 

1.0 

1.5 

0.5 

0.0 

1.0 

0.5 

6.5 

0.81 

4 

7.0 

1.0 

3.0 

0.0 

0.0 

3.5 

11.0 

11.0 

36.5 

4.56 

5 

0.5 

0.5 

0.5 

1.5 

0.5 

2.5 

2.0 

4.5 

12.5 

1.56 

6 

1.0 

2.0 

2.0 

0.0 

2.0 

4.0 

5.0 

0.5 

16.5 

2.06 

7 

1.0 

0.0 

3.0 

2.0 

2.0 

0.0 

13.0 

2.0 

23.0 

2.88 

8 

0.0 

2.0 

0.0 

2.0 

16.0 

11.0 

5.0 

4.0 

40.0 

5.0 

Total 

Mean 

14.5 

1.81 

8.5 

1.06 

11.0 

1.38 

8.5 

1.06 

24.0 

3.0 

32.5 

4.06 

54.5 

6.81 

48.5 

6.06 

TABLE  2 

Calculated  Values  for  Making  "F"  Test 


Source 

Sum  of  Squares 

Degrees  of 
Freedom 

Mean 

Square 

F 

Calculated 

F(.05) 

from  Table 

Total 

1213.44 

Impacts 

170.50 

7 

24.36 

1.59 

2.17 

Orientations 

291.25 

7 

41.61 

2.71 

2.17 

Error 

751.69 

49 

15.34 

The  F  value  is  calculated  from  the  other 
data  in  the  chart.  The  F(.Q5)  value  is  obtained 
from  a  published  table  of  F  values.  If  the  cal¬ 
culated  F  value  is  equal  to  the  value  of  F(.05), 
then  it  "can  be  stated  that  the  circumstances 
under  which  it  was  obtained,  or  the  variation  of 
that  parameter,  will  produce  this  effect  only 
once  in  twenty  trials  due  purely  to  chance. 
Conversely,  nineteen  times  out  of  twenty,  the 
variation  of  the  parameter  must  cause  the  fluc¬ 
tuation  in  the  data. 

Now  observe  the  application  of  the  test  to 
the  data  of  Table  2.  The  F  value  calculated  for 
impacts  is  less  than  the  F(.Q5)  value.  There¬ 
fore  it  can  be  stated  that  the  fluctuation  in  the 
data  is  due  to  variation  in  impact  less  than 
nineteen  out  of  twenty  times.  Should  we  desire 
to  know  just  what  probability  is  associated  with 
this  result,  we  might  refer  to  a  table  of  lower 
F  values.  Because  it  is  obvious  that  impact 
must  produce  some  effect  even  before  testing 
was  considered,  it  was  not  desired  to  consider 
this  effect  further.  The  purpose  here  is  to  test 
for  probability  at  a  specific  level. 


Now  consider  the  comparison  of  the  F  value 
for  orientations.  It  is  apparent  that  the  cal¬ 
culated  F  value  exceeds  the  F(.05)  value,  so  it 
can  be  stated  that  the  effect  of  variation  of 
orientation  is  quite  significant  at  the  (.05)  level. 
That  is,  the  fluctuations  in  the  observed  data 
would  be  due  to  variations  in  orientations  more 
than  nineteen  times  out  of  twenty,  and  due  to 
chance  less  than  once  in  twenty  times.  By  com¬ 
parison  with  a  table  of  higher  F  values,  it  was 
established  that  the  calculated  value  of  F  was 
nearer  to  the  F(.Ol)  or  99  percent  probability 
value  than  to  the  F(.Q5)  or  95  percent  probability 
value.  Thus  one  may  be  confident  that  orienta¬ 
tion  is  a  very  significant  factor  in  causing 
detector  misalignment  for  this  magnetometer. 

One  does  not  cease  to  analyze  at  this  point, 
for  there  are  still  questions  to  ask.  A  similar 
process  leads  to  verification  that  the  offending 
orientations  are  the  two  in  which  the  shocks 
were  applied  along  the  longitudinal  axis,  and 
that  all  others  fail  to  show  a  significance.  This 
result  was  obtained  uniformly  for  all  eight  of 
the  sets  of  data,  and  so  proves  to  be  a  general 
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weakness  for  all  detectors  tested.  On  the  other 
hand,  the  detectors  varied  in  the  degree  of  mis¬ 
alignment  produced,  with  two  of  the  four  being 
quite  superior  to  the  other  two. 

It  proved  to  be  no  coincidence,  for  subsequent 
investigation  showed  that  the  two  pairs  were 
produced  under  separate  contracts  at  different 


times.  Also,  the  oldest,  first  produced  de¬ 
tectors  were  the  superior  ones.  The  study 
which  followed  the  revelation  that  axial  shocks 
caused  the  most  damage  led  to  the  discovery 
that  the  principal  weakness  lay  in  the  magne¬ 
tometer  construction,  and  not  in  the  adjusting 
mechanism  which  had  nearly  always  been 
suspected. 

* 
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PART  IV 


INSTRUMENTATION  AND  CALIBRATION 


A  TAPE  RECORDING  ACCELEROMETER 
FOR  LABORATORY  PLAYBACK,  ANALYSIS 
AND  SIMULATION 

J.  Upham  and  A.  Dranetz,  Gulton  Mfg.  Corp. 


A  miniature  recording  accelerometer  has  been  developed  which  can  be 
mounted  directly  on  a  test  structure  and  has  already  been  used  to 
monitor  simulated  water-entry  impact  of  torpedoes.  A  playback  device 
reduces  pulse  coded  information  to  analogue  form  for  further  recording, 
analysis,  or  control. 


INTRODUCTION  The  basic  system  consists  of  two  major 

components:  a  tape  recording  transducer  and 
a  playback  device.  The  transducer  is  a  minia- 
In  the  past  few  years  tape  recording  tech-  ture  recorder  packaged  in  a  housing  4-1/2-in 

niques  have  been  receiving  considerable  use  in  diameter  and  3-in  high.  Containing  seismic 

the  measurement  of  shock  and  vibration  phe-  element,  transistorized  circuitry,  tape  trans- 

nomena.  In  most  cases  these  are  multichannel  port,  and  batteries,  this  unit  is  fastened  firmly 

devices  designed  for  general  purpose.  Further,  to  the  test  structure.  It  is  activated  mechan- 

they  must  generally  be  protected  from  the  ically  or  electrically,  runs  at  15  in/sec,  and 

vibrational  environments  in  order  to  prevent  automatically  stops  at  the  end  of  the  tape.  The 

background  effects.  unit  records  accelerations  up  to  ±60  g  and  has 

a  frequency  response  of  0-500  cps.  Of  novel 
Recently  a  miniature  recording  acceler-  design,  this  device  features  pulse-time  modula- 

ometer  has  been  developed.  A  compact  and  tion  to  eliminate  most  of  the  uncontrolled 

integrated  system  capable  of  direct  mounting  variables  in  the  tape  recording  system, 

on  the  vibrating  structure,  this  transducer  can  1 

monitor  laboratory  simulation  equipment  as  The  playback  mechanism  consists  of  a  con- 

well  as  provide  recoverable  environmental  tapes  ventional  tape  transport  mechanism  and  a  de- 

for  controlling  electrodynamic  shakers.  modulator.  The  purpose  of  the  latter  is  to 

reduce  the  pulse  code  information  to  analogue 
The  system  is  already  being  used  to  monitor  form  for  further  recording,  analysis,  or  control, 
simulated  water-entry  impacts  of  torpedoes.  It 
is  also  being  used  in  some  drop  tower  testing. 

It  can  be  used  in  rocket  sled  studies;  in  simula¬ 
tion  programs  of  package  testing,  it  offers  a  RECORDING  ACCELEROMETER 
new  avenue  of  approach. 

Producing  a  40-sec  magnetic  tape  recording  Electronics 
of  acceleration,  this  system,  when  provided  with 

a  single- loop  playback,  can  also  be  used  to  In  the  accelerometer  itself  the  general  con- 

excite  electrodynamic  vibrators  andother  simu-  siderations  of  rapid  starting,  small  size,  light- 
lation  devices  which  can  be  electrically  excited.  weight,  and  low  power  consumption  virtually 
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dictated  the  use  of  transistors.  Yet  the  lack  of 
reproducibility  and  stability  of  commercially 
available  transistors  obviated  the  use  of  a  con¬ 
ventional  approach  to  a  tape  recorder  design. 

The  system  ultimately  adopted  is  a  com¬ 
bination  of  phase  modulation  and  pulse  time 
recording  techniques.  It  is  shown  in  the  block 
diagram  of  Figure  1. 


reference  pulse  and  the  following  information 
pulse. 

It  should  be  observed  that  signal  amplitudes 
are  not  critical  in  a  system  of  this  type.  For 
all  the  information  is  presented  in  a  time  code. 
Since,  as  will  be  seen  later,  the  primary 
information  is  in  the  ratio  of  the  time  of  delay 
between  reference  and  information  pulses  to  the 


Figure  1  -  Block  diagram  of  pulse  time  recording  system 


A  1-kc  signal  generator  provides  a  carrier 
to  an  amplitude  modulating  transducer  as  well 
as  to  a  phase  reference  and  a  phase  synthesis 
network.  The  transducer  output  is  also  fed  to 
the  phase  synthesis  network.  This  latter  net¬ 
work  (which  will  be  described  in  further  detail 
later)  is  so  designed  that  the  phase  of  its  output 
with  regard  to  that  of  the  reference  signal  is  a 
direct  measure  of  the  acceleration  applied  to 
the  seismic  system.  At  zero  acceleration  this 
phase  angle  is  90°.  Full-scale  accelerations 
produce  deviations  of  ±20°  from  this  angle. 

The  two  signals  are  fed  to  pulse  forming 
networks  which  consist  of  over-driven  ampli¬ 
fiers  and  differentiating  circuits.  These  signals 
are  combined  in  an  adding  network  and  applied 
to  a  tape  recording  head.  A  bias  oscillator  is 
used  to  reduce  the  signal  level  requiredof  these 
pulse  networks. 

The  recorded  information  consists  of  a  set  of 
4  pulses  occurring  at  a  rate  of  1,000  sets  per 
second.  The  first  positive  and  first  negative 
pulses  are  reference  pulses.  The  second  posi¬ 
tive  and  second  negative  pulses  are  informa¬ 
tion  pulses.  The  amplitude  of  acceleration  is 
measured  by  the  time  occurring  between  the 


time  between  consecutive  reference  pulses, 
variations  in  oscillator  frequency  or  tape  speed 
do  not  materially  affect  the  stored  information. 

The  actual  circuit  used  is  shown  in  Figure  2. 
Relatively  straight-forward  in  design,  this  unit 
does  have  several  interesting  features.  Inorder 
to  provide  several  volts  to  the  input  of  the 
transducer  circuit,  it  is  fed  from  the  oscillator 
tank  circuit.  Initially  transformer  coupling  was 
utilized  in  the  amplifiers.  Later  this  was 
changed  to  RC  coupled  networks  to  reduce  size 
and  to  reduce  phase  shifts  in  the  amplifiers. 
The  entire  circuit  draws  16  ma  at  22  volts  and 
is  operated  from  a  standard  BC  photoflash 
battery. 


Transducer  and  Phase  Synthesis 

Necessary  to  the  operation  of  this  system  is 
the  seismic  element  -  phase  synthesis  device. 
In  one  particular  recorder,  a  differential  trans¬ 
former  was  utilized. 

Ordinarily,  a  differential  transformer  nor¬ 
mally  contains  a  single-excited  primary  winding 
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and  two  secondary  windings,  all  wound  con¬ 
centrically  on  a  tubular  form.  A  magnetic  core 
is  positioned  in  the  center  of  the  coil  form,  and 
its  position  controls  in  linear  relationship  the 
relative  outputs  of  the  secondaries.  When  this 
core  is  coupled  to  a  high-frequency  seismic 
system,  the  magnitude  of  output  of  the  trans¬ 
former  becomes  a  direct  indication  of  the 
amplitude  of  acceleration,  and  the  phase  with 
respect  to  that  of  the  primary  current  becomes  a 
direct  indication  of  the  sense  of  the  acceleration. 

As  shown  in  Figure  3,  the  primary  winding 
of  the  transformer  is  a  part  of  the  oscillator 
tank  circuit.  The  voltage  et  appearing  across 
the  two  opposing  connected  secondaries  is  com¬ 
bined  vectorially  with  a  portion  of  the  primary 
reference  signal  eR.  The  resulting  vector  e, 
makes  a  positive  or  negative  phase  angle  6  with 
eR  which  is  approximately  proportional  to  the 
displacement  of  the  core.  A  second  reference 
voltage  er  which  is  approximately  90°  ahead  of 
eR  is  also  shown.  This  is  adjusted  to  exactly 
90°  by  a  phasing  network  which  compensates  for 
the  finite  Q  of  the  tank  circuit. 


calibrating  resistor  such  that  the  ±18°  limit  is 
not  exceeded. 

A  simple  arrangement  is  also  possible  for 
use  with  resistance  wire  accelerometers.  This 
is  shown  in  Figure  4.  Here  the  bridge  output 
is  a  current  passing  through  the  primary  of 
transformer  T2.  This  output  passes  through  a 
180°  phase  reversal  at  zero  acceleration.  Thus 
the  current  is  either  in  phase  with  the  voltage 
across  Rc  or  180°  out  of  phase  with  this  voltage. 
Since  the  voltage  produced  by  T2  leads  the 
primary  current  by  90°,  the  output  voltage, 
which  is  the  sum  of  the  two  quadrature  voltages, 
will  vary  in  phase  in  accordance  with  the  bridge 
balance  condition.  Thus  the  phase  of  the  output 
will  be  a  direct  measure  of  the  acceleration 
being  measured. 

Figure  5  shows  a  partially  exploded  view  of 
the  entire  recording  accelerometer.  At  the  far 
right  is  the  cover  plate,  upon  which  is  mounted 
the  transistorized  network  along  with  the  seismic 
transducer.  The  latter  is  a  fluid  damped  unit 
encased  in  a  cylinder  1-in  diameter  by  1-1/4-in 


Figure  3  -  Operation  of  phase  modulation  network 


Although  the  voltage  e l  is  proportional  to 
the  core  displacement,  it  will  be  noted  that  the 
phase  angle  0  is  determined  by  the  arc  tangent 
of  elf  so  it  may  be  considered  as  proportional 
only  through  that  angular  range  where  the 
tangent  and  the  angle  are  nearly  equal.  The 
curve  at  the  right  of  Figure  3  shows  the  per¬ 
centage  of  deviation  from  that  equality  as  the 
phase  angle  is  increased.  The  practical  limit 
is  chosen  commensurate  with  an  allowable 
error  of  2.6  percent.  This  is  shown  to  be  a 
phase  angle  of  ±18°.  The  full-scale  range  of 
the  device  is  controlled  by  a  choice  of  the 


high.  This  fits  on  to  the  top  of  the  open  cylinder, 
shown  in  the  center. 


Tape  Transport  Mechanism 

The  tape  transport  mechanism  is  an  elec¬ 
trically  driven  device  operating  from  5  pen- 
light  cells.  No  mechanical  governors  are  used 
due  to  the  accelerations  encountered.  Instead, 
the  motor  characteristics  are  such  that  at  ac¬ 
celerations  of  60  g,  the  increased  friction  of 
the  mechanical  system  is  compensated  by  an 
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Figure  4  -  Phase  sensitive  trans¬ 
ducer  utilizing  strain  gauge 


Figure  5  -  Recording  accelerometer 


increase  in  output  torque.  Under  these  condi¬ 
tions  speed  variations  do  not  exceed  10  percent. 
Several  other  unique  features  are  used  in  this 
device.  Spool  friction  is  obtained  by  the  use  of 
split  radial  bushings  to  minimize  effects  of 
axial  accelerations.  The  rubber  idler  is  held 
against  the  capstan  by  means  of  a  fixed  dis¬ 
placement  rather  than  a  fixed  force,  and  a 
pressure  pad  is  used  to  hold  the  tape  against 
the  recording  head. 


PLAYBACK 


The  major  purpose  of  the  demodulator  is  to 
reduce  the  pulse  time  code  to  analogue  form. 


Figure  6  -  Playback  system 


Operation  of  the  demodulator  can  be  best 
described  by  following  the  block  diagram  of 
Figure  7. 

The  output  of  the  playback  head  is  fed  to  an 
Eccles-Jordan  circuit  which  produces  a  square 
wave  timed  to  the  reference  pulse.  At  the  same 
time  the  signal  is  also  fed  to  a  second  bistable 
generator  which  is  controlled  by  a  blanking 
circuit.  This  latter  circuit  prevents  triggering 
from  the  first  (or  reference  pulse),  but  allows 
triggering  from  the  information  pulse. 

The  two  square  waves,  both  of  equal  and 
constant  amplitude,  are  fed  to  a  ring  modulator. 
This  produces  an  asymmetrical  square  wave  of 
2-kc  fundamental  frequency,  the  degree  of  asym¬ 
metry  being  a  function  of  the  delay  time.  After 
filtering,  the  output  is  a  direct  measure  of  the 
acceleration  seen  by  the  recording  transducer. 


The  playback  device  consists  of  two  com¬ 
ponents,  a  conventional  tape  transport  mecha¬ 
nism  and  a  demodulator.  A  picture  of  the  com¬ 
bined  unit  is  shown  in  Figure  6.  For  feeding 
electrodynamic  shakers  the  playback  is  replaced 
by  a  single  loop  playback  transport  mechanism. 


CONCLUSION 

The  tape  recording  transducer  described 
above  is  the  result  of  a  3-year  development 
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Figure  7  -  Block  diagram  of  playback  system 


cosponsored  by  the  Air  Force  and  Gulton  Mfg. 
Corp.  While  this  system  was  originally  designed 
for  parachute  testing,  it  provides  a  means  for 
certain  laboratory  simulation  where  cables 
cannot  be  used.  One  of  the  more  interesting 
applications  is  in  package  testing.  In  this 
instance  a  three- channel  system  would,  within 


a  slightly  increased  package,  provide  a  record 
of  accelerations  in  three  orthogonal  directions. 
In  addition,  the  availability  of  a  magnetic  tape 
provides  an  excellent  means  of  controlling 
simulation  equipment  to  duplicate  the  actual 
environment  for  which  a  component  must  be 
tested. 


*  *  * 


DIRECT  READING  PROBABILITY  METER 


D.  D.  Mey.er,  McDonnell  Aircraft  Corp. 


This  paper  describes  the  development  and  use  of  a  statistical  amplitude 
probability  meter.  It  is  a  device  which  will  provide  the  statistical 
amplitude  probability  distribution  of  a  forcing  function.  By  this  means 
randomness  is  proved  or,  if  the  function  is  not  random,  will  give 
insight  as  to  the  amount  of  periodicity  present. 


The  present  use  of  nonperiodic  vibration  in 
evaluating  the  quantity  level  or  reliability  of 
electronic  components  is  limited  by  the  lack  of 
instrumentation  to  evaluate  these  forcing  func¬ 
tions.  There  is  discussed  herein  a  method  of 
determining  the  statistical  amplitude  proba¬ 
bility  distribution  of  this  type  of  forcing  function. 

The  method  of  measuring  the  probability  dis¬ 
tribution  is  based  on  the  following  consideration: 

Let  Figure  1  be  any  arbitrary  waveform  and 
the  problem  be  the  determination  of  how 
much  of  the  total  time  T,  the  waveform, 
spends  between  two  definable  limits  (y)  and 
(yx  +  dy).  An  expression  for  this  relation¬ 
ship  can  be 

P  (y)  dy  -  3-S- 

where 

p  (y)  dy  *  the  probability  that  the 
waveform  spends  some  time  between 
(yx)  and  (yx  +  dy),  t  ■  the  total  incre¬ 
ments  of  time  the  waveform  does  spend 
between  (yx)  and  (yx  +  dy). 

It  is  apparent  from  the  above  equation  that 
the  basis  of  design  must  be  a  system  that  will 
provide  the  average  of  the  total  time  the  wave¬ 
form  spends  between  the  limits  (yx)  and 
(yx  +  dy). 

The  waveform  to  be  analyzed  is  presented  on 
an  oscilloscope  using  no  horizontal  deflection. 


This  produces  a  single  vertical  line,  which  may 
vary  in  light  intensity  along  its  length.  The 
average  light  at  any  point  is  directly  propor¬ 
tional  to  the  probability  of  that  specific  ampli¬ 
tude  at  that  point.  A  photocell  is  used  to  convert 
light  intensity  to  voltage  which  can  be  read  from 
a  meter  and  plotted,  or  can  be  recorded  in  a 
number  of  other  ways  to  give  a  distribution 
curve  directly. 

This  device  is  useful  in  determining  the 
randomness  of  nonperiodic  forcing  functions. 


PREPARATION  OF  OSCILLOSCOPE 


The  faceplate  must  be  removed  so  the  photo¬ 
cell  can  be  mounted  directly  on  the  face  of  the 
CRT.  In  order  that  the  sampling  interval,  dy, 
be  definitely  determined,  the  CRT  face  must  be 


masked  to  present  a  slot  to  the  photocell  of  the 
proper  width  at  right  angles  to  the  waveform 
deflection,  Figure  2. 


PHOTO 

CELL 


Slot  width  was  chosen  as  one-tenth  in.  This 
is  a  practical  size  to  measure  and  is  close  to 
the  window  size  of  the  photocell  used,  giving 
near  maximum  sensitivity. 


Before  mounting,  Dow  Corning  No.  4  is  placed 
on  the  photocell  window.  When  mounted,  this 
grease-like  substance  fills  the  volume  between 
the  photocell  and  the  CRT  face.  The  "DC  4" 
acts  similar  to  a  "light  pipe,"  improving  light 
transfer  by  reducing  reflection  from  the  cell 
window. 


CIRCUITRY 


The  cell  output  is  able  to  follow  slow  changes  in 
probability  very  closely.  Very  abrupt  changes 
are  attenuated  not  only  by  photocell  fatigue,  but 
by  the  time  constant,  RjCj. 


OPERATION 

The  voltage  waveform  to  be  analyzed  is 
presented  on  the  oscilloscope  as  a  vertical  line. 
The  light  intensity  at  any  given  point  on  the  line 
is  determined  by  the  rate  at  which  electrons 
strike  the  phosphor.  Beam  density  is  constant, 
determined  by  the  oscilloscope  parameters. 
Therefore  the  light  intensity  at  a  given  point  is 
due  directly  to  the  time  that  the  beam  rests  on 
that  point.  This  is  shown  in  the  curve  of 
Figure  4. 


The  circuit  is  that  shown  in  Figure  3.  The 
photocell  is  connected  in  series  with  a  dc  supply 
and  a  load  (rx).  Capacitor  Cj  is  used  to  average 
out  small  abrupt  changes  in  probability  voltage, 
giving  a  smoother  curve.  Resistors  r2  and  r3 
provide  for  mixing  a  positioning  voltage  with 
the  waveform  to  facilitate  sampling  over  its 
entire  magnitude. 


The  curve  of  Figure  4  was  obtained  using  a 
1,000  cps  sine- wave  input.  The  time  the  spot 
rested  in  the  sampling  interval  was  changed  by 
varying  the  sine-wave  amplitude.  The  time 
spent  in  the  interval,  dy,  is  inversely  propor¬ 
tional  to  the  rms  voltage.  This  is  true  only 
when  the  peak  sine  wave  amplitude  is  many 
times  the  sampling  interval,  and  the  sampling 
interval  is  at  or  near  the  zero  axis. 


PHOTOCELL 

Photocells  have  an  inherent  characteristic 
termed  fatigue.  Fatigue  is  used  to  describe  the 
initial  drift  in  photocell  output.  To  minimize 
the  effects  of  fatigue,  the  waveform  must  be 
moved  past  the  sampling  interval  very  slowly. 


With  the  sampling  interval  at  the  zero  level, 
the  frequency  response  of  the  system  can  be 
demonstrated,  Figure  4.  In  this  case,  the 
amplitude  must  be  held  constant,  while  the  fre¬ 
quency  is  varied.  The  upper  frequency  seems 
to  be  limited  by  the  oscilloscope  amplifier, 
while  the  saturation  point  of  the  phosphor  causes 
the  voltage  to  fall  off  at  lower  frequencies. 
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By  positioning  the  waveform  vertically,  the 
photocell  can  sample  the  light  intensity  over 
the  entire  magnitude  Of  the  waveform.  The 
positioning  voltage  can  be  a  variable  dc  for 
point-by- point  meter  readings,  or  a  linear 
waveform  (i.e.,  a  saw-tooth  or  a  triangular 
wave  at  low  frequency)  will  provide  continuous 
data  for  plotting.  A  saw-tooth  waveform  with  a 
period  of  100  sec  was  used. 

There  are  a  number  of  plotting  methods  that 
canbe  usedto  advantage.  The  probability  infor¬ 
mation  can  be  plotted  directly  with  the  Sanborn 
recorder.  (This  method  is  least  satisfactory 
because  of  the  compression  of  the  magnitude 
coordinate  due  to  any  nonlinearity  of  the  saw¬ 
tooth  or  triangular  positioning  voltage.)  A 
plotting  board  can  be  used  by  applying  the  prob¬ 
ability  voltage  to  one  axis  and  the  positioning 
voltage  to  the  other.  (The  plotting  board  curve 
has  the  advantage  of  being  independent  of  posi¬ 
tioning  voltage  linearity.)  A  dual  beam  oscil¬ 
loscope,  if  used,  will  provide  both  analyzer 
beam  and  plotting  means.  For  permanent 
record,  the  oscilloscope  display  can  be 
photographed. 


CALIBRATION 

As  previously  stated,  the  sampling  interval 
determined  by  the  masking  must  be  very  small 
in  relation  to  the  peak  waveform  deflection.  A 
ratio  of  1  to  50  was  found  to  be  most  satisfac¬ 
tory.  The  oscilloscope  masking  limits  the 
sampling  interval  to  0.1  in,  therefore  adjusting 
peak-to-peak  deflection  to  1  in  will  give  a  ratio 
of  1  to  5  peak.  By  changing  oscilloscope  step 
attenuator  by  10,  the  required  1  to  50  ratio  can 
be  realized.  With  the  oscilloscope  controls 
fixed,  the  voltage  axis  on  the  recording  device 
can  now  be  calibrated.  This  is  done  by  intro¬ 
ducing  a  sine-wave  input,  the  nearly  vertical 
portions  of  the  trace  indicate  the  peak  voltage. 

The  probability  axis  can  be  normalized  by 
adjusting  the  oscilloscope  beam  intensity  and 
the  gain  of  the  recorder  for  a  deflection  of  one 
at  maximum  amplitude. 


RESULTS 

Figure  5(a)  illustrates  how  the  resulting 
curves  can  be  evaluated.  This  graph  shows  the 
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Figure  5  -  Probability  curves;  (a)  gas -tube  noise,  (b)  noise  and 

sine  wave 


statistical  amplitude  probability  of  the  output  of 
a  gas-tube  noise  generator  limited  in  frequency 
by  a  1,000  cycle  cutoff  band- pass  filter.  The 
rms  value  or  standard  deviation  for  this  curve 
is  at  a  point  0.6  of  the  maximum  probability,  in 
this  case  2.2  volts. 

To  prove  randomness  it  is  necessary  to  show 
that  this  curve  is  normal.  This  is  done  by  the 
"Ordinate  Method  of  Fitting  the  Normal  Curve." 
There  are  tables  available  listing  normal  curve 
ordinates  for  various  values  of  a;  a  partial  table 


has  been  worked  up  and  is  shown  here  along  with 
Figure  5(a).  From  this  table  it  can  be  seen  that 
at  twice  the  standard  deviation  (a),  the  probability 
should  be  0.135  maximum,  at  one-half  a  0.883 
maximum.  If  these  points  coincide  the  curve  is 
normal  and  the  amplitude  of  the  forcing  function 
is  random. 

Figure  5(b)  illustrates  the  results  of  a  com¬ 
bination  of  sine  wave  and  noise.  The  flattened 
top  or  double  hump  is  characteristic  of  this 
type  of  function. 


DISCUSSION 


Grimm,  Douglas  Aircraft:  I  would  like  to  ask 
the  speaker  whether  the  meter  would  allow  him 
to  measure  the  frequency  of  these  vibration 
noises?  In  other  words,  what  percentage  of  the 
time  do  we  have  a  given  amplitude  at  what 
frequency? 

Meyer:  It  is  insensitive  to  frequency  anytime. 

Voice:  I  believe  that  this  design  is  of  a  given 
band  pass  and  therefore  cannot  be  assigned  to  a 
specific  frequency.  Am  I  correct  in  that? 


Meyer:  The  band  width  was  limited  to  between 
15  and  1,000  cycles. 

Wimpey,  McDonnell  Aircraft:  I  would  like  to 
point  out  that  the  same  method  can  be  used  for 
finite  band  widths  adjacent  all  the  way  through 
the  spectrum.  Then  you  can  sample  and  get  the 
other  signatures. 

Meyer:  Yes,  that  is  true. 

Wimpey:  I  would  also  like  to  point  out  that 
the  probability  distribution  of  any  random 


distribution  process  is  time-invariant  and  that 
frequency,  though  associated  with  this  distribu¬ 
tion,  doesn't  enter  in.  If  you  were  to  reduce 
this  band  width  of  15-1,000  cycles  you  would 
end  up  with  a  single  frequency— the  probability 
distribution  for  a  sine  wave  is  the  same  irre¬ 
spective  of  its  frequency. 

Nitchie,  ORL,  Penn  State  Univ:  Do  you  find  any 
particular  phosphor  or  screen  type  better  from 
the  point  of  view  of  intensity  response? 

Meyer:  I  only  used  one  type.  The  standard 
short-persistence  blue  scope. 

Donfor,  Diamond  Ordnance  Fuze  Laboratory: 
My  question  is  somewhat  along  the  same  line. 
I  was  going  to  ask  about  the  persistence.  If  it 


is  fairly  short  persistence  would  you  run  into 
any  trouble  say  on  an  especially  square  pattern 
where  you  intend  to  stay  a  very  large  propor¬ 
tion  of  the  time  between  two  levels?  Suppose 
you  had  something  which  is  essentially  a  square 
wave  when  you  dwell  most  of  the  time  in  one 
spot.  Would  this  bother  you  persistence- wise? 

Meyer:  No,  it  wouldn't. 

Wimpey:  May  I  point  out  that  there  are  cases 
of  distributions  that  change  rapidly  in  one  inter¬ 
val  and  are  constant  over  another.  The  sine 
wave  distribution  is  one  example.  You  can 
change  the  nature  of  your  sweep  in  order  to 
allow  more  dwell  time  in  the  area  of  rapid 
changes  of  probability.  For  instance,  a  sine 
sweep  could  be  used. 


SMALL  VIBRATION  PICKUPS 


Earle  Jones,  Seymour  Edelman,  and 
Ernest  R.  Smith,  Diamond  Ordnance  Fuze  Laboratories 


If  equipment  is  to  respond  to  a  simulated  environment  as  it  does  to  the 
real  environment,  vibration  pickups  used  to  measure  the  response  must 
not  load  the  equipment  significantly.  This  paper  describes  a  number  of 
small  pickups  designed  to  meet  this  requirement  in  a  number  of 
different  applications. 


One  of  the  important  questions  in  laboratory 
simulation  is  the  response  of  the  equipment 
being  tested  to  the  simulated  environment.  In 
many  cases,  it  is  sufficient  to  find  evidence  of 
gross  damage,  or  to  determine  the  behavior  of 
the  equipment  before  and  after  exposure  to  the 
simulated  environment,  or  to  determine  the 
behavior  during  the  exposure.  However,  a 
knowledge  of  the  modes  of  vibration  of  the 
equipment  being  tested  and  the  relative  amount 
of  excitation  of  each  mode  frequently  is  useful 
in  itself  or  as  a  means  for  explaining  the  effect 
of  the  simulated  environment  on  the  equipment. 

If  the  equipment  is  to  respond  to  the  simu¬ 
lated  environment  as  it  does  to  the  real  environ¬ 
ment,  vibration  pickups  used  to  measure  the 
response  of  the  equipment  to  the  vibrational 
portion  of  the  simulated  environment  must  not 
load  the  equipment  significantly.  The  pickups 
shown  in  the  Figure  I  were  designed  to  meet 
this  requirement  in  a  number  of  different  appli¬ 
cations.  The  two  large  pickups  in  the  back¬ 
ground  are  of  the  types  described  in  our 
earlier  paper.*  The  smaller  pickup  on  the  left 
side  of  the  back  row  is  a  smaller  model  of  the 
sandwich  type. 

The  small  pickup  on  the  right  in  the  front 
row  was  developed  to  determine  the  vibrations 
of  a  plastic  sheet,  an  application  which  seemed 
to  us  to  demand  the  utmost  in  low  mass  and 


Figure  1  -  Types  of  vibration  pickups 


elimination  of  superfluous  parts.  It  consists  of 
a  barium  titanate  disk  cemented  to  a  brass 
inertial  mass  by  means  of  conducting  epoxy 
resin.  The  pickup  is  attached  to  the  vibrating 
surface  by  means  of  a  thin  layer  of  thermo¬ 
plastic  resin.  Electrical  contact  is  made  to  the 
high-potential  side  by  means  of  a  fine  wire 
soldered  to  the  inertial  mass.  Contact  is  made 
to  the  ground  potential  side  by  means  of  con¬ 
ducting  silver  paint  which  just  touches  the  edge 
of  a  thin  layer  of  conducting  epoxy  resin  between 
the  barium  titanate  disk  and  the  layer  of  thermo¬ 
plastic  resin  which  bonds  the  pickup  to  the 
vibrating  surface. 


♦Edelman,  S.,  Jones,  E.,  and  Smith,  E.R.,  Jour. 
Acoust.  Soc.  of  Am.  27:728,  July  1955 
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Notwithstanding  the  simplicity  of  the  instru¬ 
ment,  a  great  deal  of  care  in  construction  and 


application  is  required  to  ensure  proper  behav¬ 
ior.  All  mating  surfaces  must  be  lapped  almost 
to  optical  flatness  since  any  irregularity  intro¬ 
duces  spurious  resonance  effects.  All  layers 
of  bonding  resins  must  be  pressed  as  thin  as 
possible.  This  increases  the  strength  of  the 
bond  and  ensures  that  the  compliance  of  the 
bonding  layers  is  less  than  that  of  the  barium 
titanate.  The  lowest  resonant  frequency  is  then 
set  by  the  inertial  mass  and  the  compliance  of 
the  barium  titanate.  The  resin  material  which 
is  squeezed  out  must  be  wiped  off  completely 
to  prevent  electrical  and  mechanical  irregu¬ 
larities.  The  conducting  silver  paint  must  be 
applied  carefully  under  a  strong  magnifying 
glass  to  ensure  good  dc  contact  without  short 
circuiting  the  ceramic. 

These  pickups  are  3/16-in  diameter,  weigh 
0.6  gram,  have  an  output  of  about  1.5  millivolts 
per  gram,  and  a  capacitance  of  about  100 
picofarads.  The  first  resonance  is  above  90  kc. 
Transverse  response  is  about  one-tenth  the 
axial  response.  The  thermoplastic  resin  we 
have  been  using  gives  a  good  solid  bond  at 
temperatures  below  100°  F.  and  is  soft  enough 
to  allow  removal  of  the  pickup  at  about  120°  F. 


The  manufacturers,  Rubber  and  Asbestos  Corp., 
have  indicated  that  these  temperatures  can  be 
increased,  if  desirable,  but  so  far  our  applica¬ 
tions  have  been  at  or  below  room  temperature. 

The  pickup  described  above  was  developed 
for  an  application  where  there  was  no  need  to 
fear  electrical  pickup  or  crosstalk.  If  better 
shielding  is  needed,  a  barium  titanate  sandwich 
is  used  instead  of  a  single  disk.  The  construc¬ 
tion  can  be  seen  in  the  pickup  on  the  left  on  the 
front  row.  The  sandwich  is  cemented  by  con¬ 
ducting  epoxy  resin.  The  interface  between  the 
two  disks  is  the  high-potential  side  and  contact 
is  made  to  it  by  means  of  a  fine  wire  which  just 
touches  the  edge  of  the  epoxy  and  which  can  be 
seen  in  the  figure.  The  edge  of  the  sandwich  is 
painted  with  insulating  paint  which  is  then 
covered  with  conducting  paint  so  that  the  outer 
sides  are  well  shielded. 

If  a  sufficient  number  of  pickups  are  attached 
to  the  equipment  being  tested,  it  is  possible  to 
monitor  the  response  of  the  equipment  to  the 
simulated  environment  and  to  follow  the  changes 
in  response  as  the  simulated  environment  is 
changed. 


DISCUSSION 


Christensen,  Firestone:  Would  this  very  simple 
appearing  type  of  accelerometer  be  something 
that  was  an  actual  throw  away  item;  stick  it  on 
almost  anywhere  and  throw  away  at  each  test? 

Edelman:  Yes,  they  were  developed  for  just 
that  kind  of  application. 

Christensen:  But  what  about  the  need  for  extreme 
care  in  handling  ? 

Edelman:  I  only  meant  care  in  manufacture. 
This  means  that  you  have  to  have  a  good  man  to 


make  them,  but  once  you  have  a  good  man,  he 
can  turn  out  quite  a  number. 

Siegelman,  American  Machine  and  Foundry  Co.: 
I  was  wondering  what  control  is  possible  now 
in  circular  eccentricity  as  far  as  accelerometers 
are  concerned.  This  seems  to  have  some  bear¬ 
ing  on  the  axial  transfer  sensitivity. 

Edelman:  As  for  the  pieces  for  the  barium 
titanate  pickups  we  buy  as  close  as  we  can  to 
what  we  think  we  want,  and  then  we  do  some 
shaping  ourselves. 


VIBRATION  CALIBRATION  TECHNIQUES 


Mark  S.  Christensen,  Firestone  Tire  and  Rubber  Co. 


Vibration  generators,  sensors  as  well  as  calibration  techniques 
employed  in  the  laboratory  are  reviewed  and  the  virtues  and  vices  of 
commonly  used  calibration  techniques  are  discussed.  A  system  of 
optical  calibration  which  has  been  developed  is  described. 


INTRODUCTION 


The  purpose  of  this  report  is  to  present  a 
summary  of  numerous  techniques  in  use  for 
vibration  calibration.  It  does  not  presume  to 
introduce  any  revolutionary  innovations,  but 
rather,  is  intended  to  give  a  brief  discussion  of 
the  many  systems  that  have  been  investigated 
by  the  Vibration  Section  of  the  Firestone  Envi¬ 
ronmental  Test  Laboratory.  Particularly,  the 
virtues  and  the  faults  of  each  system  are  listed 
as  objectively  as  possible.  (Numerous  reports 
are  available  in  the  literature  which  go  into 
detailed  descriptions  of  many  of  these  systems; 
therefore,  the  comments  herein  will  be  rela¬ 
tively  brief.)  The  ultimate  selection  of  any 
given  system  will,  of  course,  depend  on  the  likes 
and  the  specific  needs  of  the  user,  but  it  is 
hoped  that  this  summary  may  be  of  some  aid  in 
making  the  optimum  selection. 

Vibration  testing  is  coming  of  age,  in  most 
industries,  as  an  inspection  means  and  also  as 
a  method  of  evaluation  in  developmental  design 
work.  The  desired  vibration  may  be  generated 
by  pneumatic,  hydraulic,  mechanical,  or  electro¬ 
dynamic  systems;  but  regardless  of  the  method 
chosen,  sensors  of  various  sorts  must  be 
employed  to  monitor  the  vibration  amplitudes 
applied. 

A  number  of  systems  for  measuring  vibra¬ 
tion  have  been  conceived  and  perfected,  to  a 
greater  or  lesser  extent,  over  the  past  years, 
but  all  depend  on  their  ability,  in  one  way  or 


another,  to  sense  displacement.  (This  displace¬ 
ment  may  be  relative,  between  the  various  parts 
of  the  sensor  mechanism, or  it  maybe  absolute, 
related  to  a  fixed  point  on  earth.)  The  sensors 
may  be  classified  according  to  their  output 
characteristic  as  displacement,  velocity,  or 
acceleration  indicators.  The  characteristic 
selected  depends  upon  a  number  of  factors, 
particularly  the  magnitudes  of  displacement 
anticipated,  the  range  of  frequencies  to  be 
investigated,  the  size  and  mass  of  the  pickup 
proper,  and  the  portability  and  ease  of  handling 
of  the  complete  sensor  system. 

A  further  classification  may  be  made,  ac¬ 
cording  to  the  method  by  which  the  sensor 
develops  its  signal: 

1.  Externally- excited  units  (variable  resist¬ 
ance,  variable  capacitance,  variable  re¬ 
luctance  transducers). 

2.  Self- generating  units  (piezoelectric  crys¬ 
tals,  electromagnetic  generators). 

These  systems  may  be  manufactured  as 
portable  units  for  temporary  usage  or  they  may 
be  constructed  within  the  framework  of  a 
vibration- generating  machine.  (In  this  latter 
instance,  the  most  common  type  employed  is 
the  electromagnetic  sensor  which  generates  a 
voltage  signal  proportional  to  velocity.)  Depend¬ 
ent  upon  the  test  requirements,  it  may  or  may 
not  be  necessary  to  concern  oneself  with  abso¬ 
lute  calibration. 

If  investigative  or  developmental  testing  is 
to  be  performed  on  a  variety  of  prototype 
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components,  it  may  be  adequate  to  compare  or 
standardize  a  group  of  pickups  which  are  to  be 
employed  so  that  they  all  read  alike.  Since 
developmental  improvement  is  usually  a  rela¬ 
tive  matter,  absolute  values  of  vibration  may  be 
of  little  importance.  However,  when  subjecting 
manufactured  components  to  acceptance  speci¬ 
fication  requirements,  it  is  mandatory  that  the 
vibration  amplitude  be  calibrated  in  absolute 
terms.  For  this  purpose,  a  simple,  practical 
method  must  be  established  for  absolute  cali¬ 
bration  of  measurement  systems  at  routine 
intervals  or  whenever  any  discrepancies  are 
suspected. 

Included  herewith  is  a  vibration  nomograph 
(Figure  1)  to  aid  in  understanding  the  various 
quantities  to  be  measured.  The  nomograph  is 
certainly  not  a  new  device,  but  this  chart,  as 
presented,  is  a  broad  expansion  of  the  region  in 
which  most  vibration  tests  are  conducted.  For 
those  readers  who  are  not  intimately  familiar 
with  vibration  parameters,  it  is  suggested  that 
they  make  frequent  reference  to  the  chart.  Note 
particularly  that  all  scales  are  logarithmic.  In 
moving  to  the  right  (increasing  frequency, 
maintaining  constant  velocity),  acceleration 
levels  are  increasing  and  displacement  values 
are  diminishing— at  an  exponential  rate. 

Calibration  at  low  frequencies  (with  large 
displacements)  is  an  easy  matter,  even  by 
simple  measurements,  performed  by  the  naked 
eye.  However,  in  order  to  explore  higher  fre¬ 
quencies,  reference  to  the  chart  will  immediately 
reveal  that  extremely  small  amplitudes  are 
involved,  specifically  the  amplitude  at  300  cycles 
and  10  g  being  only  0.002-in.  It  is  readily 
apparent  that  specialized  systems  must  be 
devised  in  order  to  measure  precisely  dynamic 
displacements  of  such  small  magnitude.  It  is 
possible  to  employ  various  accessory  sensors 
(variable-reluctance  or  variable- capacitance 
pickups  attached  to  fixed  mounts),  but  it  becomes 
unwieldy  to  attempt  to  calibrate  an  already 
complex  electronic  device  with  another  even 
more  complex. 

The  most  basic  and  direct  system  for  dynamic 
physical  measurement  is  to  resort  to  optical 
means,  employing  an  optical  instrument  to 
magnify  the  small  areas  to  be  studied  and  a 
measurement  system  which  is  capable  of  indi¬ 
cating  extremely  small  displacements.  Up  to  a 
limit  of  about  300  cycles,  it  appears  practical 
to  perform  physical  measurements  aided  by 
optical  magnification.  However,  in  order  to 
perform  calibrations  at  much  higher  frequen¬ 
cies,  say  about  1,000  cycles,  displacements  are 
measured  in  terms  of  micro-inches.  It  then 


becomes  essential  to  perform  measurement  by 
means  of  other  systems  such  as  the  inter¬ 
ferometer.  The  operation  of  the  interferometer 
is  based  upon  a  count  of  fringe  shifts  across  a 
glass  plate,  illuminated  by  a  monochromatic 
light  source.  The  system  is  not  very  practical 
for  large  displacements  because  of  the  extremely 
large  number  of  fringes  which  have  to  be  counted. 

The  discussion  to  follow  will  deal  only  with 
the  subject  of  calibration  by  optical  means  and 
will  be  dividedinto  four  major  sections:  Optical 
Instruments,  Measuring  Systems,  Targets,  and 
Illumination. 


OPTICAL  INSTRUMENTS 


Telescope  vs.  Microscope 

The  optical  unit  to  be  employed  may  be 
either  a  microscope  or  a  telescope,  depending 
mainly  on  the  surrounding  circumstances  and 
to  some  degree  on  the  preferences  of  the  opera¬ 
tors.  The  magnification  of  the  unit  should  be  at 
least  40  to  50X,  but  powers  much  above  this  may 
prove  of  no  additional  value  unless  there  is  an 
unusually  fine  optical  system  which  will  suffer 
no  losses  in  definition  and  resolution  at  higher 
magnification  powers.  (High  magnification  ap¬ 
pears  to  present  more  manufacturing  problems 
in  telescopes  than  in  microscopes— when  addi¬ 
tional  limiting  requirements  such  as  size, 
maneuverability  and  working  distance  are 
imposed.)  Many  investigators  have  employed 
the  microscope  for  measurement,  for  the  rea¬ 
sons  of  presumably  simpler  mounting  require¬ 
ments  and  fewer  problems  in  the  mount  regarding 
its  vibration.  We  have  tried  both  systems, 
finding  no  significant  advantages  for  the  micro¬ 
scope,  but  in  the  case  of  the  telescope  numerous 
advantages  such  as: 

1.  The  telescope  is  extremely  useful  not 
only  as  a  calibration  device,  but  also  as  a 
"mass-less"  sensor  unit  for  measuring 
displacements  (in  any  direction)  of  vari¬ 
ous  portions  of  complex  test  subjects. 

2.  The  telescope  has  a  long,  widely- variable 
working  distance  which  allows  extreme 
freedom  of  action  in  selecting  the  site 
upon  which  to  set  up.  In  fact,  it  is  ideal 
for  setup  in  the  center  of  a  number  of 
shakers,  of  different  sizes  and  types,  not 
requiring  any  fitting  to  the  shaker  itself. 

3.  The  telescope  allows  the  operator  to  sit 
completely  at  ease,  remote  from  regions 
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of  highest  vibration  and  noise  level.  This 
fact  is  of  considerable  importance  since 
operator  fatigue  rapidly  becomes  one  of 
the  major  sources  of  error  in  calibration 
work. 

4.  The  telescope  allows  for  simultaneous 
manipulation  by  one  operator  of  a  remote 
vibration  control  console  and  also  the 
measuring  system,  thus  eliminating  any 
need  for  "calling  signals"  between  two 
operators. 

5.  The  telescope,  although  affected  by  sur¬ 
rounding  vibrations,  is  capable  of  meas¬ 
uring  same  and  also  is  able  to  measure 
motions  in  the  presumably  "stationary" 
portions  of  the  shaker  body.  The  advan¬ 
tage  ordinarily  claimed  for  the  micro¬ 
scope  is  that  ambient  vibrations  from  the 
surrounding  area  are  eliminated  from 
its  mount,  since  it  is  usually  attached 
directly  to  the  shaker  body.  Often  the 
shaker  is  mounted  upon  a  large  concrete 
block,  supported  by  a  spring  system  of  a 
very  low  natural  frequency  (particularly 
in  the  case  of  small  shakers  which  are 
intended  exclusively  for  calibration  work.) 
It  is  quite  true  that  external  vibrations 
may  be  virtually  eliminated  from  the 
microscope  in  such  a  system,  but  vibra¬ 
tions  from  the  shaker  itself  may  be 
induced  directly  into  the  microscope,  with 
little  knowledge  of  their  presence,  phase 
relationship,  or  magnitude. 


MEASURING  SYSTEMS 


In  the  optical  system  selected  (most  of  the 
following  remarks  would  apply  equally  well  to 
the  microscope  or  telescope),  some  means  must 
be  incorporated  for  the  actual  measurement 
of  displacement.  We  have  tried  a  number  of 
systems,  and  the  relative  merits  of  each  were 
exploited. 


Eyepiece  Reticle 

The  simplest  device  is  a  graduated  reticle 
installed  in  the  eyepiece,  divided  in  arbitrary 
decimal  units.  Since  the  magnification  of  the 
optical  system  (and  thus  the  resulting  calibra¬ 
tion)  is  dependent  upon  the  working  distance  of 
the  optical  system,  the  true  calibration  at  the 
required  working  distance  must  be  established 
by  accessory  means.  This  calibration  may  be 


performed  by  placing  an  engraved  scale  at  the 
target  site,  or  by  observing  the  size  of  a 
Johannsen  gage  block.  Rather  than  replace  the 
target  with  a  calibration  accessory,  it  is  simpler 
to  mount  a  dial  micrometer  over  the  vibration 
table  and  by  displacing  the  table  a  specified 
static  distance  (as  indicated  by  the  micrometer), 
the  number  of  units  of  excursion  across  the 
reticle  may  be  observed.  After  calibration  of 
the  eyepiece  is  established,  a  desired  dynamic 
displacement  of  the  vibration  table  may  be  set 
by  matching  its  total  excursion  to  the  required 
number  of  divisions  in  the  reticle.  The  advan¬ 
tages  of  this  system  are: 

1.  Extreme  simplicity— no  moving  parts  in 
the  optical  system. 

2.  Ability  to  measure  the  top  and  bottom  of 
excursion  simultaneously. 

3.  Ease  of  maintaining  a  constant  displace¬ 
ment  over  a  frequency  scan  byholdingthe 
excursion  set  to  a  specified  number  of 
divisions. 

The  points  cited  are  distinct  advantages, 
which  make  this  system  highly  desirable.  Ac¬ 
companying  disadvantages,  sufficient  to  recom¬ 
mend  further  elaboration  of  the  system  are: 

1.  Difficulty  insetting  any  displacement  that 
is  not  equivalent  to  a  whole  number  of 
divisions.  This  requirement  occurs  when 
attempting  to  calibrate  accelerometers  at 
constant  acceleration  over  a  frequency 
scan. 

2.  Difficulty  in  measuring  extremely  small 
displacements— less  than  one  whole  divi¬ 
sion  of  the  scale.  The  alternative  here 
is  to  make  extremely  small  divisions  on 
the  scale,  but  this  entails  more  problems 
in  fabrication  of  the  reticle.  Also,  it 
tends  to  obscure  the  clear  field  of  view 
through  the  telescope,  and  complicates 
the  study  because  of  the  requirement 
to  fix  one's  attention  upon  a  maze  of 
extremely  fine  lines. 

3.  Difficulty  of  precisely  "mating"  or 
"matching"  the  target  to  a  given  line  in 
the  reticle. 


Eyepiece  Micrometer 

The  eyepiece  micrometer  is  a  measuring 
device  which  can  be  installed  in  virtually  any 
telescope— or  microscope.  It  consists  of  a 
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precisely  guided  carriage  which  transports  a 
set  of  cross  hairs  across  the  field  of  view  of 
the  eyepiece.  Travel  of  the  carriage  is  con¬ 
trolled  by  a  precision  lead  screw.  Affixed  to 
one  end  of  this  screw  is  a  drum,  graduated  in 
decimal  units  about  the  periphery.  A  revolution 
counter  is  also  geared  to  the  screw  so  that 
measurements  across  the  full  field  of  travel 
can  easily  be  read. 

In  the  eyepiece  are  two  stationary  cross 
hairs,  intersecting  at  90®,  to  indicate  the  center 
of  the  field  and  to  aid  in  alignment  upon  the 
target.  The  micrometer  carriage  contains  addi¬ 
tional  cross  hairs  which  may  be  mounted  in 
various  configurations,  but  the  "bifilar"  ar¬ 
rangement  is  most  ideal  for  calibration  work. 
This  arrangement  consists  of  two  very  close¬ 
spaced,  parallel  cross  hairs,  whose  position  in 
the  field  of  view  is  determined  by  the  setting 
upon  the  micrometer  lead  screw.  The  usual 
manufacturer's  spacing  between  the  bifilars  is 
approximately  60  microns  (0.0024-in). 

The  bifilar  micrometer  is  extremely  ver¬ 
satile,  in  that  it  may  be  used  with  any  of  the 
targets  to  be  described  later.  In  measuring 
vibration,  the  micrometer  is  set  to  read  one 
limit  of  excursion  and  then  the  other;  the  dif¬ 
ference  between  readings  is  the  measure  of 
total  amplitude.  The  great  advantage  of  the 


between  the  filars.  A  proper  setting  of  the 
bifilar,  for  several  types  of  targets,  is  given 
in  Figure  2. 

The  fact  that  the  target  is  positioned  between 
filars  eliminates  the  necessity  of  determining 
its  static  "size",  with  the  inherent  errors 
incurred  in  subtracting  this  size  from  all  sub¬ 
sequent  measurements.  The  bifilar  is  readily 
adaptable  to  all  types  of  illumination.  It  is 
immeasurably  superior  to  a  single  filar  in 
accomplishing  settings  under  adverse  circum¬ 
stances,  such  as:  dim  light,  excessive  contrasts 
in  target  brightness,  and  "fuzziness"  of  targets. 


Optical  Micrometer 

The  optical  micrometer  is  a  very  interesting 
device  composed  principally  of ,  a  precisely 
ground,  flat,  plane-parallel  disc  of  glass  which 
can  be  attached  to  the  fore-end  of  any  telescope 
for  the  purpose  of  measuring.  The  disc  is 
mounted  in  a  ring  which  contains  bearings  across 
its  centerline,  for  supportingthe  disc  and  allow¬ 
ing  it  to  be  rotated  about  this  line  (Figure  3).  If 
the  disc  is  rotated  in  either  direction  through 
some  angle  away  from  perpendicular  (to  the 
optical  axis),  refractions  occur  at  both  air-glass 
surfaces  and  the  observed  image  is  displaced 
from  the  optical  axis,  but  the  new  line  of  sight 


Figure  3  -  Optical  micrometer 


bifilar  over  a  single  travelling  cross  hair  is 
that  it  eliminates  the  need  of  setting  to  the 
"upper"  or  "lower"  edge  of  a  point  or  line 
target.  To  make  a  reading,  the  micrometer  is 
set  so  that  the  target  appears  equally  spaced 


is  always  parallel  to  the  optical  axis.  A  cali¬ 
brated  dial  is  used  to  rotate  the  disc,  the  cali¬ 
bration  being  dependent  only  upon  the  thickness 
and  refractive  index  of  the  glass  selected.  There 
is  mounted  in  the  eyepiece  of  the  telescope 
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a  set  of  fixed  cross  hairs  defining  the  optical 
axis  of  the  tube.  In  vibration  calibration,  the 
micrometer  is  rotated  to  "read"  first  one  limit 
of  excursion,  and  then  the  other.  In  the  case  of 
both  limits  the  target  image  is  deflected  from 
its  true  position  and  brought  into  coincidence 
with  the  cross-hair  reference  on  the  optical 
axis.  The  difference  between  readings  is  the 
measure  of  displacement.  The  most  outstanding 
characteristic  of  this  device  is  its  manner  of 
dealing  with  parallel  lines  of  sight,  so  that 
calibration  of  measurement  is  independent  of 
magnification  power  or  working  distance  of 
the  telescope. 

Through  the  courtesy  of  a  local  optical  supply 
house,  we  borrowed  an  optical  micrometer  in 
order  to  explore  fully  its  characteristics  and 
learn  its  suitability  to  vibration  calibration 
work.  The  unit  was  mounted  on  a  surveyors 
level  of  approximately  42X  magnification,  work¬ 
ing  at  a  distance  of  about  8  ft.  Our  initial  usage 
of  this  instrument  was  exactly  in  the  manner 
described  above.  A  most  interesting  deviation 
from  normal  usage  was  achieved  by  mounting 
the  unit  horizontally  off-set  toward  one  side  of 
the  telescope  so  that  the  micrometer  disc 
covered  only  a  part  (about  one- half)  of  the 
objective  lens.  In  this  case,  two  separate 
images  are  seen,  one  being  the  direct  image 
through  the  telescope  only,  the  other  being  the 
image  through  the  micrometer  disc,  linearly 
displaced  by  whatever  setting  is  on  the  cali¬ 
brated  dial.  (Ideally,  for  this  application,  the 
micrometer  disc  should  be  cut  in  half,  so  as  to 
cover  exactly  half  the  objective  lens.  However, 
for  experiment  only,  the  shape  of  the  disc,  or 
the  percentage  of  objective  covered,  is  of 
surprisingly  little  importance  in  achieving  the 
effect  described.) 

Illustrated  are  three  pictures  seen  through 
the  telescope,  set  up  in  the  manner  just  de¬ 
scribed  (Figure  4). 


In  both  cases,  the  picture  actually  consists  of 
two  separate  images,  exactly  superimposed. 
The  third  picture  is  obtained  by  moving  the 
micrometer  to  displace  the  images,  so  that  the 
top  of  one  image  (either  one)  is  exactly  "matched" 
to  the  base  of  the  other.  The  setting  upon  the 
calibrated  dial  is  now  the  true  reading  of  total 
excursion.  This  operation  does  not  require 
exact  positioning  of  the  target  to  any  particular 
portion  of  the  field  of  view  (as  with  a  reticle) 
and  does  not  require  separate  readings  at  the 
top  and  bottom  of  excursion. 

The  advantages  anticipated  for  this  system 
were  realized  in  some  instances,  but  several 
disappointments  and  definite  surprises  were 
also  incurred.  In  the  final  reckoning,  no  matter 
what  system  of  measurement  is  to  be  incor¬ 
porated  with  the  telescope,  it  must  be  realized 
that  vibrations  of  some  sort  are  bound  to  be 
present  in  a  floor-mounted  telescope,  even 
though  it  be  remotely  located  from  the  shaker 
to  be  observed.  These  vibrations  may  be 
generated  by  the  shaker  under  study,  by  other 
shakers  in  the  vicinity,  or  by  machinery  or 
vehicles  in  the  plant. 

It  had  been  anticipated  that  with  the  optical 
micrometer  system  the  effect  of  these  vibra¬ 
tions  would  be  nullified,  because  of  the  fact  that 
the  measurement  is  made  by  matching  two 
images  (even  though  the  "reference"  may  also 
be  subject  to  vibration),  rather  than  by  matching 
one  image  to  a  presumably  "stationary"  refer¬ 
ence  cross  hair.  However,  our  tests  revealed 
that  with  the  micrometer  mounted  on  the  tele¬ 
scope,  and  with  the  whole  subjected  to  vibra¬ 
tions  through  the  mount,  the  mode  of  the  microm¬ 
eter  unit  was  different  from  that  of  the  telescope. 
The  result  was  that  the  "height"  of  the  image 
(each  image)  was  not  constant— it  would  wax  and 
wane  at  some  arbitrary  frequency  which  ap¬ 
peared  to  be  a  beat-frequency  between  the 
various  parts  of  the  optical  system  and  the 


Figure  4  -  Micrometer  settings 


The  first  picture  shows  the  target  line  at 
rest,  with  the  micrometer  adjustment  set  at 
zero.  The  second  picture  shows  the  target  in 
motion,  the  micrometer  setting  still  ,  at  zero. 


frequency  of  the  exciting  force.  This  phe¬ 
nomenon  rendered  impossible  any  attempt  to 
match  the  edges  of  two  images  (or  even  the 
edges  of  one  image  to  a  cross  hair).  It  should 


be  pointed  out  that  the  manner  of  mounting  the 
micrometer  was  not  adequate— that  by  enhancing 
the  structure  it  would  likely  be  possible  to 
eliminate  such  a  phenomenon.  This  may  be 
true,  of  course;  but,  regardless,  other  pertinent 
circumstances  also  detract  from  the  system. 

We  had  visualized  that  it  might  be  easier, 
and  more  exacting,  to  match  the  edges  of  two 
images  rather  than  to  match  either  edge  to  a 
cross  hair.  This  proved  quite  untrue  because 
of  the  rather  "fuzzy"  appearance  of  the  edges 
of  the  image.  It  is  extremely  difficult  to  deter¬ 
mine  when  two  fuzzy  edges  are  brought  into 
exact  contact  (neither  overlapped,  nor  failing 
to  touch).  This  feat  actually  proves  more  dif¬ 
ficult  than  matching  a  fuzzy  edge  to  a  reference 
line  in  the  eyepiece. 

Another  problem  is  the  handling  of  the 
micrometer  dial.  Since  the  micrometer  is 
mounted  at  the  front  of  the  telescope,  the 
operator  has  to  reach  an  appreciable  distance 
to  manipulate  the  dial,  while  attempting  to 
maintain  a  very  delicate  touch.  As  mentioned 
previously,  operator  fatigue  over  several  hours 
of  calibration  work  is  a  critical  factor  and 
everything  possible  should  be  done  for  his 
comfort— and  consequent  ability  to  perform 
accurate  work. 

To  summarize,  the  advantages  of  the  optical 
micrometer  (if  they  can  be  fully  realized)  are: 

1.  Total  excursion  of  the  target  can  be  read 
by  a  single  setting  of  the  micrometer  dial. 

2.  Two  images  of  the  target  are  compared 
for  measurement  of  displacement;  it  is 
not  necessary  to  match  one  image  to  a 
presumably  stationary  reference  cross 
hair. 

3.  Calibration  of  the  measuring  system  is 
established  by  the  manufacturer.  It  is 
independent  of  the  working  distance  or 
the  magnification  power  of  the  telescope 
used. 

4.  Exact  positioning  of  the  target  is  not 
required.  So  long  as  it  is  clearly  visible, 
the  target  may  be  at  practically  any 
place  in  the  field  of  view. 

The  disadvantages  of  this  system  are: 

1.  The  optical  micrometer  must  be  attached 
by  an  extremely  rigid  mount  to  preclude 
any  differential  motion  between  the  various 
parts  of  the  system. 


2.  The  position  of  the  micrometer  at  the 
front  of  the  telescope  adds  tedium  and 
fatigue  to  its  usage. 

3.  It  is  exceedingly  difficult  to  match  pre¬ 
cisely  the  fuzzy  edges  of  two  target 
images  to  each  other,  or  to  a  reference 
cross  hair. 


TARGETS 


Assuming  that  the  optical  and  measuring 
systems  have  already  been  selected,  the  next 
problem  is  the  fabrication  of  a  suitable  "target" 
to  be  studied^  The  characteristics  of  the  target 
must  be  duly  considered  not  only  from  their  own 
isolated  aspect,  but  also  for  their  compatibility 
with  the  rest  of  the  system.  The  general 
requirements  are  that  the  target  be  exquisitely 
small,  sharp,  and  "clean"  to  ensure  precise 
readings  of  very  small  displacements,  and  that 
it  be  simple  in  form  and  "easy  on  the  eyes." 
The  final  selection,  of  course,  is  also  affected 
by  personal  preference  of  the  operator,  as 
no  one  particular  target  can  truly  be  judged 
"the  best". 

Although  "illumination"  will  be  discussed  in 
detail9  later,  it  is  necessary  at  this  point  to 
divide  the  targets  into  two  classifications: 
those  which  will  be  viewed  by  reflected  light 
and  those  viewed  by  transmitted  light. 


Emery  Grit 

A  well-known,  easily  available  target  is 
emery  grit,  in  the  form  of  abrasive  cloth.  A 
small  patch  of  cloth  may  be  glued  to  the  vibra¬ 
tion  table  and  illuminated  by  a  spotlight  mounted 
at  a  slight  angle  off  to  one  side.  The  viewing 
instrument  is  set  up  approximately  perpendicular 
to  the  surface  of  the  cloth  and  sharp  focus  is 
fixed  upon  the  emery.  The  picture  obtained  is 
a  dull,  dark  field,  speckled  at  intervals  by 
numerous  brilliant  points  of  light.  The  random 
orientation  of  the  multitude  of  emery  crystals 
on  the  cloth  is  such  that  relatively  few  of  them 
are  properly  aligned  to  reflect  light  to  the 
observer.  From  the  numerous  pin  points  of 
light  presented  to  view,  it  is  not  particularly 
difficult  to  select  and  fix  attention  upon  one 
bright  spot  of  a  size  and  shape  that  appeal  to 
the  eye,  properly  located  in  the  field  of  view  to 
be  within  the  scope  of  the  measuring  system. 
The  strong  feature  of  the  emery  target  is  the 
fact  that  it  is  easily  available;  however,  several 
disadvantages  are  also  encountered  as  follows: 
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1.  The  random  distribution  of  emery  crystals 
on  the  cloth  is  such  that  on  repetitive  set¬ 
ups  of  the  viewing  instrument  it  is  most 
unlikely  that  any  one  "target"  will  ever 
be  duplicated.  This  decidedly  does  not 
aid  uniformity,  reliability,  and  repeata¬ 
bility  of  measurement. 

2.  The  "size"  of  the  grit  which  is  chosen  as 
the  target  is  of  definite  significance  in  any 
measurements  to  be  made.  The  measure¬ 
ment  system  must  be  employed  to  deter¬ 
mine  this  size  (with  the  inherent  errors 
of  this  determination)  and  the  amount 
must  be  deducted  from  the  total  value  of 
any  displacement  measured,  in  order  to 
determine  the  true  displacement.  The 
smaller  the  displacement  being  measured, 
the  greater  will  be  the  percentage  error 
introduced  by  the  static  size  of  the  grit. 
Of  course,  it  is  possible  to  employ  finer 
and  finer  grades  of  emery  in  order  to 
minimize  this  error,  but  as  the  density 
of  bright  spots  in  the  field  of  view  is 
correspondingly  increased,  it  ultimately 
becomes  impossible  to  concentrate  on 
one  spot  with  sufficient  acuity  to  use  it 
as  a  target. 

There  is  no  doubt  as  to  the  extreme  value 
of  devoting  considerable  study  to  emery  grit 
targets,  but  the  limitations  are  such  as  to 
advocate  development  of  a  more  refined  target 
system. 

Machined  Profile 

A  machined  profile,  either  on  the  vibration 
table  itself  or  otherwise  specially  fabricated, 
may  be  employed  as  a  target.  Various  sharp 
profiles  naturally  exist  on  the  table  and  also  on 
components  which  would  likely  be  under  test. 
However,  the  difficulty  is  that  profiles  which 
would  ordinarily  be  available  are  extremely 
rough,  as  seen  under  high  magnification,  and 
this  roughness  is  a  hindrance  to  precision 
measurement.  One  simple  target  of  this  sort 
is  a  razor  blade,  either  as  viewed  from  the  flat 
face  or  upon  edge.  The  sharpness  of  the  ground 
edge  presents  a  fine  profile,  but  extreme  care 
must  be  taken  that  no  resonance  of  the  blade 
itself  occurs  at  any  frequencies  to  be  encountered 
during  calibration. 

Probably  the  most  perfect  profile  target 
would  be  a  Johannsen  gage  block  affixed  to  the 
table  by  appropriate  clamping  means.  How¬ 
ever,  if  special  precautions  are  not  observed, 
the  difference  in  light  intensity  from  a  bright 
reflecting  surface  (the  profile)  to  the  remainder 


of  the  field  (which  is  usually  dark)  is  extremely 
hard  on  the  eyes.  Consequently,  it  is  difficult 
to  compare  a  reference  line  in  the  instrument 
to  a  sharp  profile  as  the  intensity  of  the  picture 
abruptly  changes  from  harsh  glare  to  dark 
field.  For  such  study,  it  would  be  advisable  to 
experiment  with  various  shades  of  gray  or 
possibly  some  other  soft  color  in  the  back¬ 
ground  upon  which  the  profile  may  be  easily 
differentiated  when  compared  to  the  reference 
line. 


Point 

A  single,  small  point  may  be  used  as  a 
target,  either  an  opaque  point  on  a  transparent 
field  or  a  transparent  point  on  an  opaque  field. 
In  either  case,  the  problem  is  to  make  a  point 
sufficiently  small  for  use  under  magnification. 
To  apply  any  sort  of  opaque  point  on  a  trans¬ 
parent  field  (glass)  of  sufficiently  small  size 
appears  well  nigh  impossible.  Regardless, 
whether  or  not  this  would  be  possible,  further 
considerations  (especially  glare  and  eyestrain) 
indicate  that  it  is  not  worthwhile.  However,  a 
transparent  point  on  a  dark  field  has  very  strong 
appeal,  principally  because  of  eye-ease  and 
consequent  minimum  operator  fatigue.  Again 
the  problem  is  to  make  a  small  point.  It  is  not 
possible  to  drill  a  sufficiently  small  hole  for 
this  purpose  by  standard  factory  methods;  how¬ 
ever,  it  maybe  capable  of  attainment  by  jeweler's 
techniques. 

Another  possibility  is  to  apply  an  opaque 
coating  over  glass  and  to  scratch  clear  a  small 
point  for  transmitting  light  through  the  coating. 
It  is  remarkable  how  inadequate  most  such 
efforts  appear  under  high  magnification! 

However,  one  very  fortunate  happenstance 
exists  in  the  case  of  mirror  surfaces  deposited 
under  high  vacuum.  Under  even  the  most  per¬ 
fectly  controlled  conditions,  it  seems  that  most 
such  mirrors  have  numerous  microscopic  sur¬ 
face  flaws,  all  of  which  transmit  light.  It  is 
possible  to  study  these  flaws  under  high  magni¬ 
fication  and,  noting  the  smallest  flaw  perceptible, 
circle  it,  and  solidly  black  in  the  remainder  of 
the  field.  This  is  the  most  perfect  point  target 
we  have  been  able  to  achieve.  We  have  not 
found  it  to  be  appropriate  for  calibration  work, 
but  it  is  an  extremely  useful  target  for  other 
purposes,  particularly  for  studying  spurious, 
nonlinear  motions  of  vibration  tables. 


Scribed  Line 

A  scribed  line  appears  to  us  to  be  the  most 
ideal  target,  but  the  method  of  scribing  the  line 


presents  many  difficulties.  For  example,  a  line 
may  be  ruled  upon  a  white  card  with  a  ruling 
pen;  but  it  is  impossible  to  produce  a  line,  by 
this  means,  of  sufficient  sharpness  for  use 
under  high  magnification. 

A  line  maybe  scribed  by  a  sharp  cutting  tool, 
particularly  by  a  diamond  point  onto  the  surface 
of  a  metallic  or  glass  target.  Although  this 
appears  to  be  the  best  system,  the  edges  of  the 
cut  are  always  slightly  torn  and  rough,  no  mat¬ 
ter  how  fine  a  line  is  attempted.  Consequently, 
even  the  finest  of  lines  is  not  absolutely  "clean". 
It  is  necessary,  then  to  accept  this  fact  and 
learn  how  best  to  deal  with  it. 

For  targets  viewed  by  means  of  transmitted 
light,  we  have  scribed  lines,  as  fine  as  possible, 
on  opaque,  mirrored-glass  surfaces.  We  have 
found  it  possible  to  achieve  a  much  finer  and 
cleaner  line  in  this  manner  than  by  attempting 
to  make  a  dark  line  on  a  transparent  surface. 
In  addition  to  the  advantages  of  rendering  a 
sharper  line,  the  light  line  on  the  dark  field 
also  adds  to  operator  comfort  as  the  total  glare 
in  this  method  is  at  a  minimum. 

If  a  dark  field  is  to  be  studied,  however, 
accessory  means  must  be  provided  for  illu¬ 
minating  the  reference  cross  hairs  in  the  tele¬ 
scope.  (A  very  simple  solution  we  have  em¬ 
ployed  is  merely  to  mount  a  white  card  toward 
one  edge  of  the  field  of  view  close  to  the 
telescope.  As  a  result  some  stray  light  is  cast 
into  the  optical  instrument.)  A  line  of  this  sort 
is  most  simple  to  study,  and  considerable  bene¬ 
fit  is  achieved  by  use  of  a  line  (rather  than  a 
point)  because  the  alignment  of  the  measure¬ 
ment  system  can  then  easily  be  oriented  to  the 
direction  of  motion  of  the  target. 


ILLUMINATION 

A  number  of  illumination  systems  may  be 
employed  with  whatever  optical  and  measuring 
systems  are  incorporated,  each  having  certain 
distinct  advantages. 

Color 

The  simplest  and  most  obvious  illumination 
is  steady-state,  white  light— either  natural  or 
from  tungsten  filament  sources.  The  major 
problem  encountered  in  using  white  light  is  the 
spectral  dispersion  of  colors  after  emanating 
through  the  very  small  slit  of  the  scribed  line 
discussed  above.  This  problem  may  be  avoided 
by  using  a  monochromatic  source,  such  as  an 


arc-discharge  lamp,  available  in  a  wide  choice 
of  colors.  Reference  may  be  made  to  physics 
tables  listing  the  wavelengths  of  different  colors, 
to  determine  the  ultimate  limit  of  measuring 
ability  under  light  of  various  colors.  It  can 
readily  be  seen  that  in  this  respect  the  blue  end 
(short  wave  lengths)  would  be  more  desirable 
than  the  red  end  of  the  spectrum.  However, 
wavelengths  toward  the  blue -violet  may  be 
injurious  to  the  eyes  of  the  operator.  (Actually, 
the  amplitudes  to  be  measured  are  far  greater 
than  the  limitations  imposed  by  wavelength,  so 
the  color  selection  is  of  little  consequence  in 
this  regard.)  An  easy  compromise  is  to  pick  a 
color  midway  in  the  spectrum— namely,  green. 
Further  reference  to  tables  listing  color  sen¬ 
sitivity  of  the  eye  show  that  visual  acuity  for  a 
given  amount  of  light  energy  is  greatest  for  this 
color.  Moreover,  it  is  frequently  considered 
the  optimum  color  for  eye  ease. 


Source 

With  any  of  these  light  sources  the  next  point 
to  be  considered  is  the  nature  or  character  of 
the  source  of  the  light.  Generally  speaking,  it 
is  possible  to  provide  diffused,  point-source, 
focused  or  collimated  light  from  any  of  the 
sources  mentioned  above.  We  have  devoted 
some  study  to  each  type  and  have  concluded 
that  these  factors  appear  to  be  of  little  impor¬ 
tance  and  probably  can  be  ignored  unless  they 
have  some  specialized  association  with  the 
remainder  of  the  test  setup  employed.  How¬ 
ever,  it  is  certainly  worthwhile  to  devote  some 
time  to  experimenting  with  these  factors  to 
determine  whether  anything  might  be  gained  in 
a  particular  setup. 


Other  Characteristics 

The  mention  of  arc-discharge  lamps  will, 
perhaps,  suggest  use  of  stroboscopic  light.  We 
have  devoted  considerable  study  to  strobo¬ 
scopic  illumination  and  find  it  extremely  worth¬ 
while  for  certain  vibration  studies  but  have  not 
found  it  particularly  useful  in  calibration  work. 

Consider  a  moment  the  appearance  of  a  line, 
under  steadystate  illumination,  vibrating  at  high 
frequency.  It  appears  to  be  a  broad  "band"  of 
light,  more  intense  at  each  extreme  of  motion 
because  of  the  apparent  "dwell"  (zero  velocity) 
at  the  extremes.  The  size  of  this  block  of  light 
is  quite  definite  and  a  measurement  can  readily 
be  made  by  comparison  to  an  eyepiece  reticle 
or  by  measuring  the  range  of  motion  with  any 
of  the  measuring  systems  described  above. 
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However,  if  stroboscopic  light  is  to  be  em¬ 
ployed,  the  apparent  image  of  a  single  line  may 
be  made  either  to  stand  still  or  to  move  slowly 
at  any  cyclic  rate  desired  by  the  operator.  The 
advantage  in  this  case  is  that  a  very  clear  single 
line  (rather  than  a  band  of  light)  can  be  studied 
with  ease. 

If  the  two  extremes  of  motion  are  to  be  meas¬ 
ured,  however,  at  apparent  standstill  or  in  slow 
motion,  it  is  exceedingly  difficult  to  ascertain 
that  the  absolute  extremes  of  motion  are  truly 
being  observed.  Determination  of  these  two 
extremes  under  stroboscopic  conditions  is  de¬ 
pendent  upon  persistence  of  vision  rather  than 
a  constant  display  of  total  motion  as  would  per¬ 
tain  if  steady-state  illumination  were  employed. 

Some  very  worthwhile  applications  may  be 
made  with  stroboscopic  light  for  setting  a  given 
displacement,  or  for  maintaining  a  constant  dis¬ 
placement  of  a  set  amount  while  traversing  a 
frequency  scan.  In  this  application  afineetched- 
scale  glass  target  may  be  mounted  upon  the 
vibration  table  and  a  displacement  equal  to  a 
whole  number  of  divisions  of  the  scale  may  be 
set  by  observing  under  stroboscopic  slow  motion 
when  two  lines  representing  the  desired  dis¬ 
placement  are  brought  into  repeated  coincidence. 
In  this  case,  it  is  necessary  to  employ  a  vari¬ 
able  frequency  power  source  for  the  stroboscope 
so  that  the  illumination  may  be  "synchronized" 
to  a  frequency  near  that  of  the  motion  to  be 
observed. 

If  arc-discharge  lamps  are  to  be  used  as  the 
light  source,  it  is  evident  that  a  stroboscopic 
effect  will  be  encountered  at  the  power  line  fre¬ 
quencies,  and  multiples  thereof ,  whether  desired 
or  not.  If  this  effect  proves  troublesome,  then 
it  will  either  void  the  possibility  of  calibration 
at  such  frequencies  or  otherwise  will  require 
that  the  arc  lamp  be  powered  by  a  variable - 
frequency  source. 

It  may  be  worthwhile,  also,  to  mention  polar¬ 
ized  light.  We  have  examined  this  but  have  not 
devoted  much  time  to  it,  as  it  appeared  that  no 
particularly  desirable  effects  were  achieved 
through  its  use.  However,  a  pair  of  filters— 
one  at  the  light  source  and  one  at  the  optical 
instrument— may  be  useil  for  very  effective  con¬ 
trol  of  the  intensity  of  the  light  observed,  by 
shiftingthe  orientation  of  one  filter  in  reference 
to  the  other.  Generally,  the  source  intensity  of 
arc- discharge  lamps  is  not  easily  controllable 
because  of  their  design  for  fixed  voltage;  there¬ 
fore,  it  is  advisable  that  some  means  be  incor¬ 
porated  for  varying  the  intensity  of  illumination 
presented  to  the  eye.  A  simpler  system  for 
controlling  intensity  is  to  install  an  iris  in  the 
light  beam  close  to  the  source. 


CONCLUSION 


Following  is  a  description  of  the  vibration 
calibration  system  as  we  have  evolved  it  for  our 
laboratory.  (Figures  5, 6  and  7.)  For  the  optical 
instrument,  we  have  a  telescope  of  approxi¬ 
mately  50X  magnification  power.  This  incor¬ 
porates  rack-and-pinion  focusing  of  the  tube 
containing  the  rear  elements  and  a  sliding  exten¬ 
sion  tube  for  the  front  elements  so  that  a  wide 
variation  of  3  to  150  ft  in  working  distance  may 
be  achieved.  The  versatility  afforded  by  such  a 
wide  range  of  working  distances  is  invaluable 
to  us. 


The  measuring  system  is  a  bifilar  eyepiece 
micrometer  with  fixed  cross  hairs  oriented  at 


Figure  5  -  Over-all  view  of  calibration  setup 


Figure  6  -  Measuring  telescope 
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Figure  7  -  Target  block 


90  degrees  through  the  center  of  the  field  and  a 
bifilar  measuring  line  which  can  traverse  the 
entire  field.  The  mount  which  includes  this 
measurement  system  can  be  rotated  through 
360  degrees,  thus  allowing  horizontal  or  vertical 
measurement  of  displacement,  or  measurements 
at  the  random  angles  of  motion  occurring  in 
complex  test  components.  (No  matter  which 
measurement  device  is  selected,  it  is  exceed¬ 
ingly  important  that  it  be  capable  of  rotation  as 
described.  Thus  the  measuring  axis  is  easily 
brought  into  perfect  alignment  with  the  axis  of 
motion  to  be  measured.) 

Our  measurement  system  is  mounted  to  the 
tube  atop  a  60-degree  erecting  prism  to  ac¬ 
comodate  operator  comfort.  The  tube  is  set  up 
at  a  height  of  35  in  above  the  floor  to  correspond 
to  the  table  level  of  all  vibration  exciters  in  our 
laboratory. 

By  use  of  the  60-degree  offset  prism,  the 
pperator  is  enabled  to  sit  comfortably  in  an  arm 
chair  with  his  elbows  firmly  supported  and  chin 
cupped  in  hands.  This  position  makes  for 
minimum  fatigue  and  is  also  the  easiest  and 
most  sensitive  manipulation  of  the  micrometer 
dial  which  is  located  directly  below  his  chin. 
Always  stressing  the  importance  of  operator 
comfort,  we  believe  this  system  is  not  to  be 
excelled. 

The  target  employed  is  a  glass  disc  of  27-mm 
diameter  with  a  silvered  surface  and  a  pair  of 
transparent  scribed  lines  which  admit  light 


through  the  target.  (The  disc  is  mounted  in  a 
hole  drilled  through  a  block  of  aluminum  which 
affords  firm  support.  The  top  of  the  aluminum 
block  is  drilled  and  tapped  for  various  types  of 
accelerometers  which  are  to  be  calibrated.) 
The  disc  serves  simultaneously  as  the  target 
and  also  as  an  absolute  calibration  for  the  meas¬ 
urement  system.  See  Figure  8  for  clarification 
of  this  point. 


Figure  8  -  Target  disc 


In  our  procedure,  we  align  the  measuring 
filar  with  the  long  line  of  the  target  to  establish 
proper  orientation  of  the  system.  A  reading  of 
the  distance  between  lines  is  made  with  the 
vernier  micrometer,  to  establish  the  calibration 
of  the  measuring  system  at  the  working  distance 
in  effect.  Then,  according  to  preference,  the 
operator  may  devote  his  attention  to  either  of 
the  two  lines  for  vibration  measurements. 
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The  thickness  of  the  line  itself  is  approxi¬ 
mately  0.0005-in,  this  being  considered  by  the 
maker  of  the  target  disc  as  the  minimum  which 
would  be  reasonably  practical  for  use  in  this 
system.  We  believe  it  would  not  be  particularly 
desirable  to  request  a  finer  line  because  the 
target  line  should  occupy  a  significant  space 
between  bifilars  to  aid  in  centering. 

The  light  source  used  is  a  high-pressure, 
arc -discharge  mercury  lamp,  (rich  in  green 
radiations)  with  three  successive  green  filters 
to  isolate  the  single,  green  line  at  a  wavelength 
of  5460  A.  These  filters  are  mounted  in  a 
bracket  directly  affixed  to  the  lamp  housing. 
Following  this  is  a  small  condensing  lens.  This 
condenser  is  used  to  concentrate  the  illumina¬ 
tion  at  the  target,  but  no  specific  effort  is  made 
to  bring  the  light  to  focus  upon  the  target, 

After  a  lengthy  period  of  usage,  we  find  no 
difficulties  with  any  portion  of  the  system.  As 


a  routine  operation,  we  now  perform  calibra¬ 
tions  on  our  vibration  signal  monitoring  sys¬ 
tems  and  accelerometers  over  a  frequency 
range  to  approximately  300  cycles.  In  most 
instances  this  calibration  is  performed  at  a 
constant  acceleration  of  10  g  so  that  the  dis¬ 
placement  has  diminished  to  0.002-in  at  300  cps. 
(Higher  frequencies  maybe  attained  by  increas¬ 
ing  the  acceleration  at  this  same  displacement 
limit.) 

It  is  difficult  to  define  precisely  the  accuracy 
of  our  system;  however,  we  can  refer  to  terms 
of  reliability  and  repeatability.  We  find  that  an 
operator  can,  over  five  or  more  successive 
trials,  repeat  a  reading  with  an  error  not 
exceeding  0.0005-in  for  any.  setting.  It  can  be 
seen  from  this  that  accuracy  on  relatively 
large  amplitudes  is  extremely  fine;  at  a  dis¬ 
placement  of  0.00 5 -in,  we  believe  it  is  about  ±10 
percent. 
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DISCUSSION 


J.  Osmanski,  Cook  Electric  Co.:  What  was  the 
smallest  amplitude  you  measured  in  these  tests  ? 

Christensen:  As  you  can  see  on  the  vibration 
nomograph  we  measured  down  to  32  thousandths 
of  an  inch  at  300  cps.  At  10  g  you  hit  2  thou¬ 
sandths  of  an  inch.  This  is  the  smallest  meas¬ 
urement  we  feel  we  can  make  very  well. 

Osmanski:  What  about  the  degree  of  accuracy? 

Christensen:  At  the  2-thousandths  level  we 
reached  a  limit  of  usefulness  with  the  accuracy 
becoming  poor.  At  5-thousandths  we  have  an 
accuracy  of  about  plus  or  minus  10  percent;  at 
2-thousandths  it  is  probably  around  25  percent. 
Again  I  wish  to  stress  that  the  purpose  of  our 
system  is  not  precise  calibration  to  the  stand¬ 
ards  of  a  precision  laboratory,  but  more  or  less 
routine  calibration  to  ensure  proper  perform¬ 
ance  of  our  systems. 

Sowell,  Hollowman  Air  Development  Center:  Did 
you  consider  the  autocollimator  method  of 
measuring  this  vibration  displacement? 

Christensen:  Yes,  it  had  been  considered.  We 
devoted  quite  a  lot  of  argument  to  it.-  We  had  an 
optical  technician  of  considerable  experience  in 
our  group;  he  proposed  the  autocollimator  many 
times.  However  it  cost  far  more  money  than 
we  wished  to  invest.  I  believe  it  requires  a 
massive  foundation  and  its  installation  would 


have  involved  about  four  times  the  cost  we 
actually  incurred  in  establishing  our  system.  It 
would  be  undoubtedly  very  good  for  more  pre¬ 
cise  calibration,  however,  we  were  concerned 
with  simplicity  of  setup  and  with  a  relatively 
low-cost  system;  a  system  which  any  of  the  men 
in  our  group  could  operate. 

Shuffler,  Convair,  Ft.  Worth:  I  was  wondering 
if  you  had  considered  the  Wild  precision  level? 

Christensen:  Yes,  we  did  use  that.  Firestone 
worked  rather  closely  with  the  Jet  Propulsion 
Laboratory  of  Cal  Tech  and  they  have  a  Wild 
level.  I  practiced  quite  a  bit  with  it  there,  but 
again  this  has  an  optical  micrometer  at  the 
forward  end  of  the  telescope.  Also  the  magnif¬ 
ication  power  of  that  instrument  was  a  little 
less  than  we  wanted.  It  had  a  magnification  of 
around  40X  at  the  working  distance  we  were 
using.  There  was  a  single  filter  in  the  eyepiece. 
It  is  a  beautiful  surveying  instrument,  but  more 
complex  than  we  wanted  in  our  work. 

Shuffler:  The  graduations  down  to  a  thousandth 
of  an  inch  appealed  to  us.  Do  you  have  any 
information  on  how  accurate  this  might  be? 

Christensen:  No.  I  don't  for  sure.  Some  of  our 
group  use  a  K  &  E  Micrometer;  they  are  esti¬ 
mating  40-thousandths  and  achieving  very  good 
accuracy  with  that  system.  It  seems  to  be  a 
very  beautiful  instrument. 
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Shuffler:  One  other  thing  I  wanted  to  ask  about. 
Have  you  any  experience  with  these  devices 
which  take  signals  either  from  a  pick-up  on  the 
table  or  from  the  armature  of  the  shaker  and 
use  them  to  provide  pulses  to  a  strobe -light? 

Christensen:  Yes,  we  use  this  quite  a  bit  for 
studying  table  motions.  It's  a  wonderful  device. 
One  is  made  in  California  called  the  Slip-Sync. 
Maybe  you  are  aware  of  that  one.  We  pick  up 
the  frequency  of  our  shaker  itself  and  put  it 
through  the  Slip-Sync. 

Actually  the  full  frequency  of  the  table  minus 
one  cycle  per  second  is  applied  to  the  light 
source,  so  that  the  motion  we  see  is  a  relative 
slow  motion  of  one  cycle  per  second.  Very 
beautiful  it  is  for  studying  random  motions  of 
points  on  a  vibration  table,  but  we  did  not  find 
it  very  good  for  calibration  itself.  The  main 
reason  why  we  don't  employ  stroboscopic  light 
of  any  sort  for  calibration  is  the  fact  that  it's 
difficult  to  know  when  you  have  the  top  and  bot¬ 
tom  of  movement.  Without  a  stroboscopic  light 
you  see  a  continuously  presented  bank  of  light 
and  you  know  for  sure  that  you  have  a  top  and 
a  bottom.  If  you  are  looking  at  slow  motion  you 
are  depending  now  on  persistence  of  vision  and 
you  are  trying  to  remember  when  you  saw  the 
top  and  when  you  saw  the  bottom.  It's  quite 
disconcerting. 

Edelman,  National  Bureau  of  Standards:  I  would 
like  to  put  in  a  word  for  the  stroboscopic  sys¬ 
tem.  In  ours  the  motion  is  stopped  or  moved  at 
the  operator's  will.  You  can  tell  very  nicely 
which  is  the  top  and  the  bottom,  because  we 
move  it  there  and  stop  when  we  get  there. 

A  question  I  wanted  to  ask  was  how  do  you 
know  when  your  telescope  axis  is  exactly  at 
right-angles  to  the  motion  of  your  target  both 
in  the  plane  of  the  axis  and  at  right  angles  to 
the  plane  of  the  axis  of  the  telescope?  Do  you 
have  some  way  of  leveling  and  aligning? 

Christensen:  In  the  eyepiece  of  the  telescope 
we  have  a  pair  of  cross  hairs  mounted  at  90 
degrees  and  the  vibration  target  is  inserted  in 
the  block  of  aluminum  I  showed  you  on  the  table. 
Now,  the  eyepiece  can  be  rotated  in  the  telescope 
and  the  disc  containing  the  target  can  be  rotated 
on  the  table. 

The  glass  target  disc  has  some  additional 
minute  imperfections  as  well  as  the  two  lines. 
These  show  as  a  few  random  points.  Now  we 
set  the  table  into  fairly  large  motion  and  observe 
some  of  the  lines  drawn  by  these  random  points. 


With  them  we  can  establish  when  we  have  a 
alignment  truly  parallel  to  the  motion  of  the 
table.  These  lines  on  the  target  should  move 
not  only  always  parallel  to  themselves  but  also 
at  right  angles  to  the  lines  marked  on  the  disc. 
If  the  lines  of  the  disc  are  slightly  inclined  the 
successive  motions  may  be  parallel  to  each 
other  but  we  shall  see  the  difference  in  orienta¬ 
tion  compared  to  the  crosshairs  in  the  eyepiece. 

Maybe  I  have  not  made  this  too  clear,  but 
it's  a  matter  first  of  all  of  establishing  the 
orientation  of  the  target  disc  to  the  motion  of 
the  table  and  next  aligning  the  eyepiece  exactly 
to  the  disc  again. 

Edelman:  How  about  if  you  have  a  motion  away 
from  the  telescope  as  well  as  up  and  down? 

Christensen:  You  have  got  me  there.  It's  a 
very  good  point  and  for  sure  this  would  get  us 
into  lots  of  troubles  at  higher  frequencies.  But 
at  frequencies  lower  than  300  cps  we  haven't 
found  those  motions  to  be  any  significant  per¬ 
centage  of  the  motion  we  are  actually  measuring. 
Also  we  don't  have  any  difficulties  with  table 
resonance  at  frequencies  below  300  cps. 

Orlacchio,  Gulton  Mfg.  Corp.:  I  don't  think  that 
most  of  the  people  are  having  too  much  trouble 
with  the  low  frequency  calibrations.  One  of  the 
big  problems  now  with  vibrators  is  to  be  able 
to  get  an  absolute  calibration  of  these  in  some 
manner  above  500  cps  since  most  of  the  military 
specs  are  now  going  to  higher  and  higher  fre¬ 
quencies.  I  was  just  wondering  whether  you  had 
considered  doing  anything  at  the  higher  frequen¬ 
cies  or  have  you  done  anything  using,  say,  the 
interferometer  technique  or  some  form  of  that 
type  of  calibration. 

Christensen:  No.  Over  these  past  two  years  I 
have  been  trying  to  visit  other  people  who  do 
experiments  with  the  interferometer,  to  find  out 
how  it  works,  but  we  have  so  far  no  requirement 
to  do  this  ourselves.  The  main  thing  we  do  is 
establish  on  a  routine  basis  the  general  accuracy 
of  our  measuring  systems.  Most  of  our  work 
is  concerned  with  frequencies  of  500  cps  or 
less.  If  we  have  to  get  up  in  the  higher  fre¬ 
quencies  at  some  later  date,  we  also  may  be 
driven  to  the  interferometer, but  so  far  we  have 
not  had  the  distinct  need  and  up  to  now  we  have 
avoided  it. 

Shuffler:  Have  you  experienced  any  difficulty 
with  your  vibration  table  actually  drifting  dur¬ 
ing  its  oscillation  about  any  particular  point? 
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Does  it  ever  drift  above  or  below  that  point? 
Have  you  been  able  to  see  this  in  your  system? 

Christensen:  This  is  a  good  argument  for  the 
eyepiece  reticle.  You  measure  the  top  and 
bottom  of  the  motion  simultaneously,  whereas 
if  you  have  the  optical  micrometer  or  eyepiece 
micrometer  you  measure  the  top  at  one  moment 
and  sometime  later  you  measure  the  bottom. 


It's  true  that  during  this  time,  drift  of  ampli¬ 
tude  or  drift  of  center  position  could  occur,  but 
so  far  we  have  had  no  indication  of  this.  Higher 
frequencies  might  lead  to  some  troubles  of  that 
sort— as  might  voltage  instability  in  the  power 
supply  of  the  shakers.  We  have  a  very  stable 
voltage  supply  in  our  area.  Maybe  this  is  in 
our  favor.  At  any  rate,  we  have  never  deter¬ 
mined  we  are  troubled  by  this. 


PART  V 

ELECTRON  TUBES 


DEVELOPMENT  OF  A  WHITE-NOISE 
VIBRATION  TEST  FOR  ELECTRON  TUBES 


John  Robbins,  Sylvania  Electric  Products,  Inc. 


A  white-noise  vibration  test  has  been  developed  for  the  vibration  evalua¬ 
tion  of  electron  tubes  over  a  wide  range  of  frequencies.  White-noise 
vibration  is  explained  theoretically  and  compared  with  sinusoidal  vibra¬ 
tion.  A  practical  test  method  is  described,  and  details  are  presented 
on  the  white-noise  generator,  vibration  test  equipment,  and  on  methods 
of  reading  the  tube  noise  output. 
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INTRODUCTION 

The  increasing  interest  in  the  vibrational 
performance  of  vacuum  tubes,  as  in  guided 
missiles,  has  created  a  demand  for  test  methods 
capable  of  evaluating  tubes  over  a  broad  range 
of  vibrational  frequencies  at  relatively  high 
values  of  acceleration.  One  possible  approach 
is  the  use  of  sine  wave  vibration,  swept  over 
a  wide  spectrum  such  as  200  to  2000  cps.  This 
test  is  too  time  consuming  for  large-scale 
testing.  A  rapid  sweep  rate  will  produce  erro¬ 
neous  noise  readings,  but  if  the  test  is  per¬ 
formed  correctly  it  is  useful  as  '(jjjesign  test. 
Another  technique  is  the  use  of  ...agnetically 
recorded  multifrequency  vibrational  conditions 
especially  for  specific  known  installations;  but 
this  method  lacks  generality.  The  idea  of  white- 
noise  vibration  has  often  been  considered  and 
this  approach  was  followed  in  a  wide-frequency 
vibration  test  developed  under  Bureau  of  Ships 
Contract  NObs  8023.  This  test  is  not  restricted 
to  any  particular  tube  application,  utilizes 
simple  meter-type  noise  readings,  and  is 
believed  to  be  adaptable  to  large-scale  testing. 
The  test  equipment  developed  is  for  subminia¬ 
ture  tubes,  but  the  test  procedure  itself  is  also 
suitable  for  any  other  tube  type  or  component. 

EXPLANATION  OF  WHITE  NOISE  TEST 


by  the  conventional  methods.  The  specified 
g  level  (for  example  15  g)  refers  to  the  maximum 
value  of  acceleration  experienced  during  sine- 
wave  vibration  at  a  single  specified  frequency 
(for  example  40  cps).  This  type  of  specification 
is  not  directly  applicable  to  a  white-noise  vibra¬ 
tion  test  which  necessarily  has  peak  values  of 
acceleration  occurring  at  highly  irregular  inter¬ 
vals  .while  the  intermediate  acceleration  values 
comprise  a  random  path  in  time  instead  of  a 
sine  wave.  White-noise  acceleration  is  properly 
a  random-noise  function  and  can  be  represented 
by  procedures  utilized  by  S.  O.  Rice  in  his 
article  "Mathematical  Analysis  of  Random 
Noise"  (BSTJ,  Vol.  XXIII).  The  approach  is  as 
follows:  Let  e(t)  be  the  noise  function.  Con¬ 
sider  the  instantaneous  values  of  e(t)  to  be 
plotted  versus  time.  The  resulting  plot  may  be 
analyzed  as  a  Fourier  series  over  an  arbitrary 
time  interval  of  length  T,  resulting  in  one  set  of 
Fourier  coefficients  for  the  following  equation. 

e(t)  =  Cl  cos  (wit  -  01)  +  C2  cos  (w2t  -02)  /<\ 

+  ...  +  Cn  cos  (wnt  -  0i),  ' 

or 

N  ,  m 
e(t)  =  Cn  cos  (wnt  -  0n)  _ >  (2) 

If  the  analysis  is  repeated  many  times  for 
different  intervals  of  time,  all  of  length  T,  dif¬ 
ferent  values  of  phase  angle,  0,  result.  01,  02, 
03,  .  .  .,  0n  will  each  assume  values  which  are 


The  standard  fixed  frequency,  fixed  g-level 
vibration  test  is  defined  simply  and  concisely 
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randomly  distributed  between  zero  and  2 n  ra-  3.  Distribution  pattern  of  energy  within  the 

dians.  Thus  in  Eq.  2  spectrum, 


4>n  =  random  phase  angle  distributed  uni¬ 
formly  over  the  range  (0,  2k), 

cn  =  [2W  (fn)  Af]*, 

W(fn)  Af  =  value  of  power  represented  by  band 
width  Af  at  frequency  fn, 

wn  *  2rt  fn- 

Af  =  band  width  associated  with  the  nth 
frequency  component, 

e(t)  =  random  noise  function.  This  function 
can  be  considered  to  be  either  accel¬ 
eration  or  its  voltage  analog. 


Equation  2  shows  that  a  random-noise  func¬ 
tion  may  be  viewed  as  containing  a  wide  spec¬ 
trum  of  frequencies  and  is  therefore  called 
"white  noise"  in  comparison  to  white  light  which 
contains  all  visible  wavelengths. 


The  rms  of  e(t)  in  Eq.  2  is  easily  shown 
to  be 


e  rms 


(3) 


4.  The  degree  of  clipping  of  random  peaks. 

For  the  test  developed  at  Sylvania,  it  was 
considered  most  useful  to  have  the  energy  dis¬ 
tributed  equally  per  octave,  where  one  octave 
means  a  spectrum  interval  having  a  ratio  of 
2:1  between  upper  and  lower  frequencies.  This 
energy  distribution  realistically  balances  the 
relative  importance  of  the  different  constituent 
frequencies.  Now,  if  the  upper  and  lower  fre¬ 
quencies  of  the  total  spectrum  are  f2  and  f  1; 
the  number  of  octaves  (represented  by  N)  may 
be  calculated  as  follows: 


or 

N  =  log2-^-  (6) 

or  1 

N  =  3.32  log10i*- 
Substituting  6  in  Eq.  5  yields 


erms  -  ®  1/3-32  log10ii-  (7) 


where  N  — »«>  and  Af  — >0. 


where  E  =  the  rms  value  for  one  octave. 


Equation  3  is  equally  valid  when  N  is  a  finite 
number  of  components,  each  represented  by  its 
rms  value  and  each  associated  with  a  specific 
band  in  the  spectrum.  The  rms  value  for  the 
entire  spectrum  is  then 


N 

E  (En)2  (4) 

n  =  l 

where  En  =  Cn/V2  -  rms  value  of  nth  component 
and  where  the  sum  of  the  n  components  equals 
entire  spectrum.  If  each  component  contains 
the  same  amount  of  energy  as  represented  by 
E,  the  equation  becomes 

erm,  "ErfT.  (5) 

Before  proceeding  further  it  may  be  useful 
to  list  the  items  that  control  the  character  of  a 
white-noise  function.  These  are 

1.  Band  width  and  location  of  the  frequency 
spectrum, 

2.  Total  energy  content, 


Equation  7  can  be  used  to  represent  accel¬ 
eration  or  its  voltage  analog  as  obtainable  with 
an  ideal  accelerometer.  This  equation  can  be 
adapted  to  any  part  of  the  spectrum  by  choosing 
values  of  f2  and  f1  which  define  the  band  area 
of  interest.  The  use  of  Eq.  7  determines  the 
total  energy  content  if  total  band  width  is  speci¬ 
fied  by  f2  and  fj  and  if  E,  the  energyper  octave, 
is  specified. 

The  final  item  to  be  defined  is  the  amount  of 
clipping  present.  In  practical  applications  the 
random  peaks  of  a  white-noise  voltage  are 
limited  to  some  maximum  value,  often  deter¬ 
mined  by  a  clipping  circuit  designed  for  that 
purpose.  These  peaks  are  neither  symmetrical 
nor  uniformly  spaced,  but  a  peak-to-peak  value 
may  be  observed  on  an  oscilloscope.  The  amount 
of  clipping  can  be  specified  in  several  ways,  but 
for  the  white-noise  vibration  test  developed  at 
Sylvania  it  is  controlled  by  specifying  a  peak  g 
value  of  15  g. 

The  other  specification  parameters  used  are 
100  and  5000  cps  for  spectrum  boundaries,  and 
2.3  g  rms  per  octave  for  energy  distribution. 
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This  latter  value  was  chosen  somewhat  arbi¬ 
trarily  but  is  compatible  with  the  15  g  peak 
value  and  is  about  as  high  as  is  obtainable 
without  clipping  excessively.  The  total  rms 
value  can  be  calculated  from  the  expression 
2.3  g  rms  x  5^6,  where  5.6  is  the  number  of 
octaves  used.  The  resultant  total  value  of  5.4  g 
produces  a  ratio  of  peak  to  rms  of  very  nearly 
twice  the  1.4-ratio  that  is  characteristic  of  a 
sine  wave. 


DESCRIPTION  OF  EQUIPMENT 

A  white-noise  voltage  generator,  shaping 
circuits,  and  power  amplifier  are  used  to  obtain 
a  complex  voltage  input  which  has  its  spectrum 
shaped  so  that  it  will  cause  a  vibrator  armature 
to  move  according  to  the  frequency  spectrum 
required  for  acceleration.  A  barium  titanate 
accelerometer  mounted  on  the  armature  is  used 
in  setting  up  equipment  to  meet  these  test  condi¬ 
tions.  The  voltmeter  used  in  metering  the  accel¬ 
eration  should  have  a  true  rms  response.  The 
complete  system  for  measuring  acceleration 
(including  accelerometer  and  associated  cir¬ 
cuits  such  as  a  cathode  follower  and  amplifier 
must  have  flat  frequency  response  and  linear 
amplitude  response  within  the  requirements 
expected  of  the  acceleration  spectrum  itself. 

The  white-noise  generator  uses  a  type  6D4 
gas  tube  as  the  noise  source,  a  type  6AT6  as 
the  voltage  amplifier,  and  a  type  12AX7  as  a 
cathode- coupled  clipper. 

A  block  diagram  of  the  white-noise  vibration 
set  is  shown  in  Figure  1.  The  noise  voltage 
proceeds  from  the  white-noise  generator  to  a 
band-pass  filter  for  establishing  the  upper  and 
lower  frequencies,  then  through  a  preamplifier 
for  shaping  the  active  spectrum,  next  through  a 
power  amplifier  for  obtaining  the  drive  needed 
for  the  desired  magnitude  of  acceleration,  and 
finally  to  the  armature  coil  of  the  electrome¬ 
chanical  transducer.  This  transducer  was  orig¬ 
inally  constructed  for  generating  sine-wave 
vibration  at  10  g  for  50  -  5000  cps. 

The  design,  similar  to  one  originated  by  the 
National  Bureau  of  Standards,  has  a  helical  coil 
type  armature  moving  in  a  constant  magnetic 
field.  The  frequency  response  curve  of  this 
equipment  must  be  free  of  any  conspicuous  anti¬ 
resonances.  When  long  lead  subminiature  tubes 
are  tested,  the  method  of  holding  the  tube  dis¬ 
poses  the  tube  leads  into  two  horizontal  layers 
of  four  leads  each,  with  the  leads  being  clamped 
at  their  extreme  ends.  Attenuation,  by  lead 


DRIVING  SYSTEM 


Figure  1  -  Block  diagram  of  white-noise 
vibration  equipment  (all  equipments  and 
cables  are  shielded  and  connected  together 
by  ground  wires) 


stiffness,  of  the  high-frequency  vibration  g 
values  is  not  a  problem  because  the  required 
amplitude  becomes  very  small  (of  the  order  of 
microinches)  for  the  higher  frequencies  and 
because  the  specification  and  equipment  calibra¬ 
tion  deal  with  the  acceleration  actually  experi¬ 
enced  by  the  moving  armature  and  tube.  The 
lower  frequencies  are  more  of  a  problem  than 
the  high  ones  because  the  angular  deflection  of 
the  leads  at  low  frequencies  becomes  significant 
and  thus  limits  the  g  level  obtainable  with 
clamped  leads.  Tube  holders  are  currently 
available  for  the  vibration  testing  of  long-lead 
tubes  with  the  plane  of  vibration  perpendicular 
or  parallel  to  the  grid  major  axis. 


VIBRATIONAL  NOISE  OUTPUT  OF  TUBE 
UNDER  TEST 


The  vibrational  noise  output  voltage  from 
the  tube  under  test  is  the  complex  ac  voltage 
generated  across  a  resistor  (usually  10,000 
ohms)  in  the  plate  circuit  in  accordance  with 
present  specifications  for  vibration  test  circuit 
parameters. 


The  noise-output  voltage  does  not  necessarily 
have  the  same  band  width  as  the  acceleration ' 
input,  and  for  this  proposed  test,  noise  fre¬ 
quencies  above  10,000  cps  are  excluded  by  filter. 
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The  different  types  of  readings  that  were 
considered  for  the  test  were: 

1.  rms  value— A  voltmeter  with  true  rms 
response  could  be  used  to  obtain  a  single 
reading  for  the  total  noise  over  the  entire 
spectrum  up  to  10,000  cps. 

2.  Average  value— A  voltmeter  could  be  used 
which  gives  a  single  reading  for  the 
average  of  the  positive  values. 

3.  Sub-band  readings— Tube  noise  spectrum 
could  be  divided  into  sub-bands,  each 
read  by  method  1  or  2  above. 

4.  Peak-to-peak  value— The  noise  would  have 
no  true  peak-to-peak  value  but  a  reading 
could  be  obtained  which  is  partly  a  func¬ 
tion  of  the  response  characteristics  of  the 
instrument. 

5.  Sonic  analyzer  readings— Limit  values 
could  be  assigned  for  the  magnitude  of 
noise  frequency  components  as  deter¬ 
mined  by  a  sonic  analyzer.  Different 
limit  values  may  be  used  for  different 
sections  of  the  band. 

Sonic  arklyzer  readings  were  used  for  sev¬ 
eral  monthsxin  an  experimental  run  of  produc¬ 
tion  testing  but  results  were  not  wholly  satis¬ 
factory.  The  test  was  time  consuming  because 


each  sweep  of  the  sonic  analyzer  required  one 
full  second,  and  many  sweeps  were  required  to 
show  a  good  over- all  picture  of  the  noise  output. 

Two  types  of  readings  are  now  being  taken 
and  are  proposed  for  specifications.  The  first 
is  a  peak-to-peak  value  as  read  on  a  peak-to- 
peak  V.T.V.M.  The  second  reading  is  taken  on 
an  rms  V.T.V.M.  which  has  scales  marked  in 
volts  rms  but  is  actually  more  of  an  averaging 
device. 

It  must  be  remembered  that  relatively  high 
values  of  noise  can  be  expected  for  peak-to-peak 
readings.  For  a  pure  sine  wave  alone  the  peak- 
to-peak  value  is  2.8  times  the  rms  value  and 
the  occurrence  of  harmonics  even  in  fixed, 
single-frequency  vibration  always  tends  to  raise 
this  ratio  rather  than  lower  it.  Thus  a  tube 
with  50- mV  rms  output  for  15  g,  40- cps  vibra¬ 
tion  could  read  over  300-mV  P-P.  An  even 
higher  ratio  of  peak-to-peak/rms  can  be  expected 
for  white-noise  vibration  output.  The  ratios 
are  sometimes  10  to  1. 

The  results  achieved  from  this  test  have 
been  satisfactory  and  the  test  is  now  in  use  for 
a  line  of  subminiature  tubes  currently  in  small- 
scale  production. 


DISCUSSION 


A.  A.  Emmerling,  General  Electric  Co.:  I'd  be 
most  interested  to  hear  how  these  tubes  are 
mounted  so  that  you  could  know  for  sure  what 
the  input  was.  I  imagine  you  also  run  destruc¬ 
tive  tests  and  Td  like  to  find  out  why  you  devel¬ 
oped  these  tests  in  terms  of  power  density. 

Robbins:  They  are  mounted  in  an  armature  by 
insertion  into  a  hole  the  diameter  of  the  tube. 
There  is  a  sleeve  that  goes  around  the  tube  and 
a  screw  that  clamps  down  and  contracts  this 
sleeve.  The  sleeve  is  split,  thus  providing  a 
tight  fit  on  the  tube.  The  accelerometer  is 
mounted  on  the  moving  armature.  Incidentally, 
this  is  a  lightweight  vibrator;  it  is  not  equipped 
for  vibrating  heavy  loads. 

Emmerling:  What  kind  of  destructive  levels  do 
you  reach  with  this  test  in  terms  of  power 
density? 

Robbins:  We  have  not  run  this  test  to  what  we 
call  destruction.  For  one  thing,  we  were  limited 


in  the  amplitude  that  we  could  obtain.  Also  we 
have  a  variable-frequency  fatigue  test  which 
we  developed  as  a  special  destructive  test. 
The  white-noise  test  developed  evaluates  tubes 
without  being  destructive,  it  only  approaches 
destructive  levels. 

Voice:  I  take  it,  then,  that  you  had  no  tube 
failures.  I  wonder  what  you  get  from  the  test¬ 
ing,  itself— if  you  are  always  going  to  have  to 
produce  failures  to  gain  knowledge. 

Robbins:  Maybe  I  should  clarify  a  point  here 
that  might  be  confusing.  The  comments  on  the 
previous  papers  presented  this  afternoon  have 
referred  to  destructiveness  of  tests.  Most 
tests  performed  on  tubes  are  not  intended  to  be 
destructive  but  rather  to  supply  information  on 
tube  characteristics.  Consider  heater- cathode 
leakage.  No  one  expects  such  a  test  to  be 
capable  of  conduction  to  destruction  although 
tubes  might  be  so  tested  for  experimental  pur¬ 
poses  by  using  very  high  voltages.  But  one 
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would  still  want  to  have  some  test,  if  possible, 
which  can  be  applied  to  all  tubes  to  weed  out 
undesirable  tubes. 

Failures  for  vibration,  of  course,  depend  on 
the  limits  set;  but  I  would  also  say  that  this  test 
does  detect  some  failures  of  the  type  sought  in 
destructive  tests.  Sometimes  we  have  tested 
tubes  which  had  failed  to  show  up  as  failures  by 
any  previous  testing  but  did  so  in  this  white- 
noise  test.  For  example,  intermittent  shorts 
and  sometimes  opens  would  be  revealed  by  the 
readings.  But  this  test  is  not  designed  neces¬ 
sarily  to  evaluate  the  tubes  to  destruction. 

Voice,  Sperry  Gyroscope:  I  was  wondering  if 
you  could  give  us  some  idea  how  the  military 
would  write  a  specification,  if  it  ever  came  to 
using  this  white-noise  test.  What  would  be  the 
variable  that  they  would  ask  the  various  manu¬ 
facturers  to  test  tubes  to  ? 

Robbins:  I  will  tell  you  what  we  have  set  up  for 
our  special  line  of  tubes.  We  specify  a  maximum 
g  value  (15  g),  which  is  similar  to  the  conven¬ 
tional  test.  And,  of  course,  we  specify  the  fre¬ 
quency  covered  which  I  said  was  100  to  5000 
cycles.  And  I  specified  the  rms  value  of  energy 
per  octave  as  2.3  g  rms  per  octave,  thus  always 
defining  the  acceleration  present  at  the  tube. 

E.  N.  Sowell,  Holloman  AF  Base:  I  have  one 
question.  What  is  the  method  of  shielding  the 
tube  magnetically  from  the  electric  field  of  the 
shaker?  I  assume  that  it  is  an  electrically 
driven  shaker. 

Robbins:  We  have  the  tube  shielded  by  a  con¬ 
centric  tubular  shield.  Also  the  magnetic  field 
is  concentrated  well  below  the  tube  area. 

S.  P.  Sanders,  Bendix  Aviation:  You  used 
assumed  power  density  levels  based  on  actual 
cases  ?  Do  you  have  any  experimental  data  or 
magnetic  tape  or  anything  to  substantiate  this— 
rather  than  use  a  uniform  power  spectral 
'density? 

Robbins:  You  want  to  know  why  we  used  equal 
energy  per  octave  instead  of  equal  energy 
per  cycle? 

Sanders:  That's  right. 

Robbins:  I  think  I  mentioned  that  we  did  try 
equal  energy  per  cycle— or  rather  equal  energy 
per  cycle  to  the  one  half  power— and  the  results 
showed  that  this  was  not  a  desirable  test 
because  the  higher  frequencies  dominated  the 
results.  That  is,  all  results  would  be  the 


effects  from  the  higher  frequencies  and  one 
might  as  well  ignore  the  lower  frequencies 
altogether.  This  showed  up  especially  when  we 
used  the  sonic  analyzer  in  our  test  to  show  the 
frequency  distribution  of  the  tube  noise  output. 
In  order  to  take  advantage  of  the  full  width  of 
the  spectrum,  we  wanted  to  weight  it  relatively 
to  obtain  the  best  over-all  evaluation  of  the 
tubes.  Also,  there  is  no  reason  why  one  should 
assume  the  energy  should  be  equal  per  cycle. 
It  might  just  as  well  be  equal  per  octave. 

M.  Barmat,  Glenn  L.  Martin  Co.:  I  have  two 
questions.  The  first  concerns  whether  this 
energy  spectrum  is  related  to  physical  realities, 
and  the  second  question  is,  can  you  give  us  any 
idea  of  the  noise  expected  across  the  10,000- 
ohm  load. 

Robbins:  The  first  question:  We  believed  the 
band  from  1000  to  2000  cycles,  a  spread  of 
1000,  should  be  much  more  important  than  a 
spread  from  4000  to  5000,  and  that  more  of  a 
logarithmic  distribution  would  be  best  to  show 
up  physical  resonances.  Does  that  answer  your 
first  question? 

Barmat:  I  was  particularly  concerned  whether 
any  particular  aircraft  had  this  spectrum  when 
tested. 

Robbins:  This  test  was  developed  by  a  tube 
manufacturer,  and  as  such,  we  do  not  have  the 
facilities  to  conduct  actual  practical  applications 
ourselves.  Also,  the  purpose  of  the  test  was  to 
evaluate  tubes  for  vibration  without  bringing  in 
specific  applications.  My  understanding  is  that 
every  application  encountered  would  show  up 
different  results.  These  tests  have  not  yet  been 
correlated  with  actual  field  application,  if  that 
is  what  you  mean. 

And  I  believe  the  second  question  was  that 
you  want  some  idea  of  the  magnitude  of  tube 
noise.  I  can  give  you  some  specific  figures. 
They  are  much  higher  than  the  corresponding 
values  for  15  g,  40  cycle  vibration— nearly  ten 
times  higher  for  the  type  5840  pentode.  The 
rms  value  (distribution  not  normal)  has  a  geo¬ 
metric  mean  of  around  30  mV  and  the  readings 
for  a  small  sample  extend  from  5  to  100  mV. 
The  peak-to-peak  noise  output  readings  for  the 
same  type  would  extend  from  50  to  1000  mV. 

W.  Bowden,  General  Precision  Laboratory: 
What  kind  of  voltmeter  did  you  use  to  measure 
the  rms  value? 

Robbins:  A  true  rms  voltmeter  was  used  to 
measure  rms  acceleration.  We  have  a  special 
voltmeter  manufactured  by  Ballantine. 
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Bowden:  True  rms? 

Robbins:  Yes,  it  is  a  fairly  good  sized  piece  of 
equipment,  about  8"  x  8"  x  20".  For  complex 
waves  with  peak-to-peak/rms  ratios  of  the 
order  of  ten  to  one  or  higher,  there  is  a  pos¬ 
sibility  of  small  error. 


I  might  also  mention  here,  that  the  noise 
output  of  the  tube  under  test  should  not  be  con¬ 
sidered  as  white  noise.  A  true  rms  meter 
would  be  required  for  precise  rms  readings 
of  tube  noise,  but  a  conventional  rms  vacuum- 
tube  voltmeter  of  the  averaging  type  is  suf¬ 
ficiently  consistent  and  satisfactory  for  actual 
vibration  testing. 


*  *  v 
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WHITE-NOISE  TESTING  OF  ELECTRON  TUBES 


J.  M.  Stinchfield  and  R.  E.  Dorrell 
Diamond  Ordnance  Fuze  Laboratories 


Field  experience  in  rocket  development  is  discussed  along  with  its 
extension  to  laboratory  simulation  leading  to  the  development  of  white- 
noise  testing  of  electron  tubes.  The  testing  technique  as  applied  to  the 
design  of  experimental  tubes  is  described  briefly.  Results,  in  accept¬ 
ance  testing  and  phenomena  experienced,  are  outlined. 


In  the  design  and  development  of  electronic 
devices  for  use  in  the  field,  consideration  must 
be  given  to  both  functional  and  environmental 
requirements.  An  electron  tube  or  other  elec¬ 
tronic  device  not  only  has  its  surrounding  inside 
environment  but  has  also  coupled  to  it  reflected 
components  of  the  outside  or  the  remote  envi¬ 
ronment.  A  study  of  the  apparatus  and  the  field 
conditions  is  necessary  to  evaluate  these  factors. 
With  this  information  in  hand  the  desirability 
and  extent  of  simulation  of  these  environments 
when  testing  the  component  device  can  be 
determined. 

It  was  often  suggested  in  early  work  on 
rocket  fuzes  that  a  playback  of  recorded  field 
conditions,  as  a  source  of  drive  for  a  vibration- 
generator,  would  be  a  satisfactory  simulation 
of  field  conditions  when  testing  an  electron 
tube.  While  there  may  be  situations  where  this 
technique  is  of  value,  it  is  evident  from  the 
following  that  in  this  case  it  should  not  be  so 
used.  There  is  a  large  variation  in  vibration 
amplitude  and  frequency  spectrum.  Not  only 
is  this  so  in  change  of  vibration  mode  within  a 
given  rocket,  but  in  variation  from  one  rocket 
to  another  of  the  same  kind.  Further,  the  same 
electron  tube  must  also  be  used  in  more  than 
one  type  of  rocket.  Obviously,  the  matching  or 
displacement  of  rocket  resonances  with  respect 
to  tube  resonances  would  be  very  unpredictable. 
Also,  any  combination  would  not  represent  a 
particular  field  condition. 


It  is  also  found  in  the  study  of  electron  tubes 
that  noise,  microphonics,  and  shock  effects 
occur  over  a  wide  range  of  frequency  and  ampli¬ 
tude.  Variations  from  tube  to  tube  made  under 
the  same  conditions  can  be  appreciable. 

It  is  evident  that  a  range  of  frequency  spec¬ 
trum  and  of  g  level  is  indicated  in  the  foregoing 
application  for  the  testing  of  electron  tubes  or 
similar  electronic  devices.  The  experience 
shows  that  low  frequency  shaking  or  bumping  is 
not  adequate  in  this  work.  The  need  for  adequate 
excitation  of  the  higher  frequencies  is  evident, 
plus  effects  to  be  described  in  a  later  part  of 
this  discussion. 

The  development  and  use  at  Diamond  Ordnance 
Fuze  Laboratories  of  an  electrically  driven 
vibration-generator  (1)  (Figure  1)  with  flat 
response  from  100  to  10,000  cps  at  the  10  g 
level,  plus  the  development  of  a  simple  accel¬ 
erometer  (2)  (Figure  2)  has  provided  repro¬ 
ducible  test  conditions.  It  was  also  found  that 
while  many  types  of  excitation  can  be  used  with 
this  equipment  that  the  simulation  provided  by 
the  continuous  and  uniform  frequency  spectrum 
of  white  noise  was  most  useful  as  a  simple 
over-all  test. 

Since  the  introduction  of  white-noise  testing 
at  these  Laboratories,  the  use  of  white  noise  as 
a  source  of  excitation  has  found  increasing  use 
at  other  laboratories  (3,4)  and  is  now  considered 


257 


CONFIDENTIAL 


CONFIDENTIAL 


O 
'  \ 


Figure  1  -  Vibration-generator  showing 
T-3  tube  inserted  in  armature 


Figure  2(a)  -  Subminiature  tube  type 
accelerometer 


Figure  2(b)  -  Subminiature  tube  (T-3 
envelope) 


Figure  2(c)  -  Model 
M-3  accelerometer 


one  of  the  tools  for  the  microphonic  investiga¬ 
tion  of  tubes.  In  this  paper  the  testing  technique 
and  some  results  in  the  application  of  this 
method  to  fuze  tube  development  are  considered. 


Figure  3  shows  the  complete  test  equipment 
including  the  white- noise  source,  the  noise- 
power  amplifier  to  drive  the  vibration  generator, 
the  tube  under  test,  voltage  supply,  and  the 
vibration  output  indicating  devices. 

Calibration  procedure  is  as  follows:  A 
barium-titanate  accelerometer  having  a  sensi¬ 
tivity  of  about  2  millivolts  per  g  of  acceleration 
and  of  the  same  weight  and  size  as  the  tube 
under  test  is  used. 

The  white-noise  source  is  replaced  with  a 
sine-wave  1000-cps  source. 

The  rms  value  of  the  1000  cps  current  to  the 
moving  coil  of  the  vibration- generator  is 
increased  until  the  required  acceleration  is 
read. 

The  1000-cps  source  is  replaced  by  the 
white-noise  source  and  the  rms  current  to  the 
moving  coil  adjusted  to  the  same  value  as  was 
read  with  the  1000-cps  source.  This  corre¬ 
sponds  to  the  same  total  energy  in  both  cases. 

This  completes  the  calibration.  The  calibra¬ 
tion  is  simple  and  is  retained  for  long  periods. 

As  applied  to  the  design  of  experimental  tubes 
the  output  of  the  tube-under-test  goes  to  the 
cathode-follower  stage  and  output-indicating 
device  with  broad-band  characteristics.  In  this 
way  either  the  white-noise  source  as  described 
above  or  an  exploring  sine-wave  source  may 
be  used.  Any  frequencies  excited  by  the  source 
can  be  observed  within  the  limits  of  the  broad¬ 
band  output  device.  Not  only  does  this  supply 
a  figure  of  merit  for  the  tube  over-all  quality 
but  also  detailed  information  on  the  frequency 
location  of  resonances  and  the  probable  sources 
of  these. 

From  its  inception,  early  in  1941,  the  V.T. 
Fuze  employed  commercial  hearing  aid  tubes 
and  as  time  progressed  these  tubes  were  refined 
to  meet  the  needs  of  the  field.  Early  tubes 
consisted  of  a  single  filamentary  emitter  that 
was  tensioned  by  a  helical  spring  and  supported 
by  the  tube  anode.  Later,  a  second  filament  and 
its  associated  spring  was  added  to  increase  the 
emission  of  the  device.  These  filaments  were 
both  strung  over  mica  straight  edges  and  held 
taut  with  a  spring  tension  of  ten  to  fifteen  grams. 

The  filaments  were  enclosed  in  the  evacuated 
glass  envelope  of  the  tube  and  possessed  an 
extremely  high  Q.  The  value  of  Q  for  a  typical 
tube  ranges  from  5  to  10,000.  At  the  time  the 
electrical  "improvements"  were  being  made,  it 
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Figure  3  -  TNI  vibration  test  setup 


was  discovered  that  microphonics  troubles  had 
been  increased  also.  This  trouble  was  dis¬ 
covered  by  poor  field  scores,  but  little  or  no 
laboratory  correlation  could  be  discovered.  It 
was  generally  believe^  that  the  two  filaments 
within  the  tube,  each  with  a  distinctive  fre¬ 
quency,  were  giving  rise  to  the  increased  micro¬ 
phonics  by  a  beating  or  heterodyning  action 
which,  in  turn,  produced  a  low-frequency  signal 
in  the  passbandof  the  Doppler-f  requency  ampli¬ 
fier.  It  was  in  the  attempt  to  verify  this 
generally  accepted  theorem  that  white-noise 
testing  was  born  at  D.O.F.L.  in  1949. 

One  of  the  first  requirements  in  testing  the 
filament  intermodulation  theory  in  the  Labora¬ 
tory  was  that  both  filaments  had  to  be  excited 
simultaneously.  This  was  not  difficult  as  long 
as  looseness  existed  in  the  tube  because  one 
rattling  tube  element  will  shock-excite  others. 
The  tubes  were  developed  to  such  a  state  that 
all  element  looseness  had  been  "engineered" 
from  the  mount  and  a  sturdy,  rigid  structure 
was  available  for  testing. 

The  first  difficulty  that  arose  was  that  it  was 
virtually  impossible  to  excite  both  filaments 
simultaneously.  In  the  laboratory  work,  forty- 
and  sixty- cycle  sinusoidal  excitation  was  used, 
but  due  to  the  freedom  from  looseness,  the 
filaments  were  not  excited.  Square-wive  and 
rectangular-wave  excitation  was  also  tried,  but 
due  to  the  finite  and  discrete  nature  of  the 
spectrum  of  each  of  these  exciting  media  it  was 
sheer  accident  if  both  filaments  were  excited. 


It  was  discovered  quite  early  that  tapping  the 
tube  with  a  pencil  or  cork  mallet  would  accom¬ 
plish  the  end  result  but  a  mechanical  device  to 
perform  this  function  was  not  then  available. 
Hand  tapping  was  very  difficult;  to  analyze  a 
microphonic  spectrum  while  tapping  a  tube  was 
next  to  impossible.  Another  method  tried  was 
to  connect  two  signal  generators  in  series,  with 
each  one  tuned  to  a  filament  resonance.  This 
method  did  excite  both  filaments  but  was  unsat¬ 
isfactory  because  the  electrical  and  mechanical 
system  of  the  vibrator  generated  a  difference 
frequency  due  to  associated  nonlinearities.  As 
a  desperation  measure,  a  noise  modulator  from 
an  APT- 5  radar  jamming  transmitter  was  tried 
and  it  worked  extremely  well.  The  wideband 
noise  excited  not  only  filament  resonances  but 
resonances  in  the  loudspeaker-type  vibrator 
then  being  employed  and  led  to  the  development 
of  the  well-known  N.B.S.  flat  vibrator. 

After  the  struggle  to  excite  both  filaments 
simultaneously  was  concluded,  the  main  test 
work  was  continued.  In  a  very  short  time  it 
was  proven  that  filament  intermodulation  fre¬ 
quencies  were  not  to  blame  for  the  microphonic 
troubles  and  that  proper  tube  design  could 
eliminate  the  small  amount  found  to  be  existing. 
A  second  verification  of  this  was  obtained  when 
it  was  noticed  that  single  filament  tubes  were 
equally  as  microphonic  as  the  two  filament 
variety.  It  was  definitely  proven  however  that 
tube  microphonics  was  associated  with  the 
filament.  This  was  brought  out  as  follows. 
A  band-rejection  filter  was  inserted  between 
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the  noise  source  and  the  amplifier  driving  the 
voice  coil.  When  this  filter  was  tuned  to  elim¬ 
inate  the  filament  frequencies,  all  microphonic 
noise  vanished.  It  was  then  decided  to  continue 
using  white-noise  excitation  for  tube  testing 
purposes  in  order  to  make  certain  that  all  tube 
resonances  would  be  excited  simultaneously. 

The  microphonics  problem  was  then  ap¬ 
proached  from  a  theoretical  standpoint  with  the 
analysis  proceeding  as  follows : 


The  anode  current  for  a  filamentary  triode  is 
given  by  (5) 

j  _  2-33  x  iq-6  A  [Ec+Eb/J</3 

*'  d-'  FFiter 

or  by  simplifying, 

K 

Ib  *  - — amperes. 

agf 


In  a  two-sided  single-filament  tube,  assume 
that  the  grid  and  anode  are  planar  and  are 
spaced  equidistant,  on  each  side,  from  the 
centerline  of  the  tube  structure.  The  filament 
is  considered  to  be  eccentric  or  displaced  from 
the  centerline  as  shown  in  drawing. 


Assume:  Filament  vibrates  with  amplitude  af 
and  angular  rotational  rate  wf  about 
its  static  position  shown,  the  displace¬ 
ment  being  given  by  af  Sin  wft. 

Similarly,  the  grid  displacement  is  given  by 
ag  Sin(wgt  +  4>)  where  4>  is  an  arbitrary  phase 
angle.  The  anode  is  assumed  stationary.  Sum¬ 
ming  the  current  to  both  anodes  (as  they  are 
joined  electrically) 

!  -k(— _ i _  + 

b  [dgc  -  e  +  af  Sin  wft  -  ag  Sin(wgt  +  4>) 

_ _  1 _  ~ 

dgc  +  8  -  af  Sin  wft  +  ag  Sin(wgt  +  0)_ 

This  current  is  really  an  increment  along  the 
length  of  the  filament,  and  to  obtain  a  quantita¬ 
tive  answer,  an  integration  should  be  performed 
along  the  length  of  the  tube.  This  results  in  a 
constant  expression  and  was  not  done  here  as 
the  point  of  interest  lies  in  the  qualitative 
expression.  Expanding  and  using  the  first  three 
terms  of  the  Binomial  expansion,  the  following 
terms  of  interest  result: 


Term 

dc  (Steady) 

Sin  wft  (Filament  Fundamental) 
Cos  2wft  (Filament  2nd  Harmonic) 


Sin  (wgt  +  d>)  (Grid  Fundamental) 


Cos  2(wgt  +  4>)  (Grid  2nd  Harmonic) 


Cosfwft  -  (wgt  +  4>)} 


Lower  Intermodu¬ 
lation  Frequency 


Upper  Intermodu- 
Cosfwft  +  (wgt  +  <P)}  JLation  Frequency 


Coefficient 
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The  following  can  be  concluded  from  the  tab¬ 
ulation.  The  dc  anode  current  should  increase 
if  the  filament  is  excited  and  eccentric.  This 
agrees  with  laboratory  observations.  The  fila¬ 
ment  and  grid  fundamental  frequency  should 
vanish  if  the  filament  eccentricity  is  zero. 
This  case  has  not  been  observed  experimentally, 
leading  one  to  conclude  that  if  the  conditions 
assumed  are  valid  it  is  extremely  difficult  to 
construct  a  tube  With  a  perfectly  centered 
filament. 

The  term  of  especial  interest  is  the  Lower 
Intermodulation  Frequency  as  it  is  capable  of 
falling  in  the  passband  of  the  Doppler-frequency 
amplifier.  Note  that  its  amplitude  is  propor¬ 
tional  to  both  filament  and  grid  amplitude  so 


that  a  large  amplitude  (high  Q)  filament  dis¬ 
turbance  can  interact  with  a  much  smaller 
amplitude  grid  resonance  and  produce  a  micro- 
phonic  signal  capable  of  failing  a  tube.  With 
white-noise  excitation  both  the  filament  and 
grid  are  excited  simultaneously  and  the  inter¬ 
modulation  results.  It  is  believed  that  a  burning 
rocket  motor  supplies  the  same  type  excitation. 

By  employing  a  Sonic  Spectrum  Analyzer  and 
white-noise  vibration  excitation  this  process 
was  demonstrated.  A  motion  picture  of  the 
action  has  been  made.  The  improvement  in 
fuze  tubes  due  to  the  separation  of  the  tube  and 
filament  resonances  has  resulted  in  an  improve¬ 
ment  in  microphonic  noise  by  a  factor  of  ap¬ 
proximately  forty  times. 
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IMPULSE  VS  STEADY-STATE  EXCITATION 
IN  THE  EVALUATION  OF  ELECTRON  TUBES 


R.  J.  Wohl  and  M.  Schnee,  U.  S.  Naval  Material  Laboratory 


The  relative  effectiveness  of  impulse  vs  steady-state  excitation  in  the 
field  of  resonance  and  vibration  testing  of  electron  tubes,  are  compared 
using  a  precision  impulse  exciter.  Accelerometer  techniques  for 
deriving  impulse  spectra  from  this  exciter  are  described.  Optimum 
excitation,  representative  of  the  broadest  range  of  field  environments, 
is  considered. 


INTRODUCTION 

This  age  of  jets  and  guided  missiles  has 
witnessed  an  increase  in  the  severity  and 
variety  of  mechanical  environments  for  equip¬ 
ment  in  military  applications.  Among  the  more 
important  resulting  changes  has  been  the  exten¬ 
sion  of  the  frequency  range  of  mechanical  exci¬ 
tation  to  which  electronic  components  are  sub¬ 
jected,  and  the  realization  that  much  of  this 
excitation  is  transient  and  aperiodic  in  nature. 

Large-scale  programs  have  been  launched  to 
provide  equipment  and  components  with  superior 
mechanical  properties,  capable  of  withstanding 
these  harsher  conditions.  This  in  turn  imposes 
a  necessity  for  corresponding  advances  in  the 
procedures  for  testing  these  properties.  Im¬ 
proved  testing  procedures  are  urgently  required 
to  serve  a  fourfold  purpose: 

•  Provide  a  critique  for  assessing  the  actual 
degree  of  improvement  achieved  by  devel¬ 
opment  engineers, 

•  Provide  a  quality  control  tool  for  maintain¬ 
ing  the  improvement  during  production, 

•  Enable  the  preparation  of  valid  and  realistic 
specifications,  which  can  ensure  uniformity 
of  quality  irrespective  of  the  supplier, 

•  Provide  a  degree  of  predictability  as  to 
performance  in  actual  field  environment. 


The  studies  being  reported  herein  originated 
as  program  to  improve  the  techniques  for 
evaluating  the  mechanical  characteristics  of 
electron  tubes.  However,  the  philosophy  gen¬ 
erated,  and  some  of  the  results  achieved,  may 
have  more  general  significance  in  the  field  of 
mechanical  testing  for  those  structures  which 
behave  in  a  manner  similar  to  electron  tube 
structures. 

A  closer  look  at  these  structures  may  help 
demonstrate  this  applicability.  The  electron 
tube  contains  many  elements,  combined  in  a 
very  complex  structure,  which  interact  as 
multiple-degree-of-freedom,  coupled  oscilla¬ 
tors.  The  operation  of  the  tube  is  dependent  on 
the  relative  position  of  the  elements,  so  that 
when  mechanical  excitation  displaces  them,  the 
electron  tube  generates  a  spurious  electrical 
signal  or  noise,  which  if  severe  enough,  may 
represent  malfunctioning.  The  tube  behaves  as 
a  transducer  of  mechanical  into  electrical 
energy.  If  the  electrical  output  is  large,  due 
either  to  looseness  or  low  damping,  and  the 
mechanical  excitation  continues  over  a  long 
period  of  time,  a  cumulative  fatigue  damage 
may  occur.  Thus  the  electron  tube  may  be 
considered  as  an  active  device  which  tells  you 
what  is  happening  to  it  in  some  detail,  and  also 
whether  it  hurts!  In  delivering  this  informa¬ 
tion,  it  differentiates  itself  from  the  conven¬ 
tional  passive  structure.  However,  the  sus¬ 
ceptibility  to  fatigue  is  common  to  both  types. 
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In  the  present  Basic  Section  of  the  MIL-E-1B 
Specifications  for  Electron  Tubes,  provision  is 
made  for  tests  to  determine  the  tendency  of  an 
electron  tube  to  generate  spurious  electrical 
signals  in  the  audiofrequency  band,  when  me¬ 
chanically  excited.  The  excitation  employed  in 
one  test  (1)  is  obtained  by  striking  the  tube  enve¬ 
lope  with  a  cork  hammer,  wielded  by  hand. 
Another  test  (2)  employs  an  automatically  oper¬ 
ated  hammer,  which  delivers  its  blow  indirectly 
to  a  chassis  on  which  an  electron  tube  is  mounted 
in  a  socket.  In  both  cases,  the  repeatability  and 
reproducibility  are  unsatisfactory,  the  frequency 
range  of  the  mechanical  excitation  is  quite 
limited,  the  electrical  detection  apparatus  oper¬ 
ates  over  a  restricted  frequency  band,  and  the 
rejection  criteria  are  subjective  and  inadequate. 


THE  NML  SYSTEM 

In  attempting  to  improve  these  tests,  the 
Material  Laboratory  has  devised  a  system 
intended  to  overcome  these  limitations.  A  new 
technical  exciter  was  designed,  into  which  the 
following  general  properties  were  incorporated: 

1.  As  sharp  an  impact  as  reasonably  attain¬ 
able,  to  provide  widest  possible  band  width 
of  excitation  frequencies. 

2.  Delivery  of  the  impact  directly  to  the 
envelope  of  the  tube  under  test,  thereby 
shortening  the  transmission  path  to  the 
tube  mount  to  an  irreducible  minimum. 

3.  The  use  of  gravity  as  a  driving  force,  to 
remove  the  need  for  calibration,  to  ensure 
excellent  repeatability  of  results,  and 
to  achieve  reproducibility  of  the  blow  at 
all  installations. 

4.  Fabrication  of  the  critical  members  from 
readily  available  materials  with  closely 
specified  mechanical  properties  which  do 
not  change  with  time  or  use,  again  to  avoid 
complications  at  recalibration  procedures. 

5.  Automatic  operation,  to  enable  use  in 
quality  control  and  production  testing. 

This  equipment,  which  has  come  to  be  known 
as  the  NML  Standard  Pendulum  Tapper,  is  shown 
in  Figure  1.  The  basic  element  of  this  exciter 
is  a  rigid  pendulum  of  precisely  specified 
dimensions,  materials,  mass,  and  distribution 
of  mass,  utilizing  a  hardened  steel  bearing  ball 
as  the  bob  and  impacting  body.  This  device  is 
inherently  capable  of  delivering  a  large  force 


of  extremely  short  duration.  It  is  interesting 
to  note  that  this  is  not  the  first  time  a  pendulum 
has  been  employed  to  excite  the  audiofrequency 
noise  output  of  tubes.  Some  time  after  the 
development  of  this  tapper,  our  attention  was 
called  to  the  early  work  of  Alan  Rockwood  and 
W.  R.  Ferris  (3),  who  utilized  a  pendulum  device 
in  their  study  of  microphonism. 

Referring  now  to  the  numbers  in  Figure  1, 
the  bob  (l),'a  steel  bearing  ball  of  1/2-in  diam¬ 
eter,  is  affixed  to  a  "Y"  made  of  drill  rod  (2). 
The  choice  of  steel  for  the  ball  was  made  to 
obtain  as  sharp  an  impact  as  possible.  The 
upper  arms  of  the  "Y"  are  pivoted  on  ball 
bearings  (3),  housed  between  two  horizontal 
bars  (4),  which  are  supported  rigidly  by  two 
end  frames  (5).  An  adjustment  (6)  allows  the 
pendulum  arm  to  be  translated  horizontally 
over  a  small  range  in  order  to  bring  the  bob  in 
its  zero  position  to  the  point  where  it  just  makes 
physical  contact  with  the  envelope  of  the  tube 
under  test.  Thus,  all  possible  diameters  of 
tube  envelopes  may  be  accommodated. 

The  base  plate  (7)  supports  the  socket  (8) 
into  which  the  tube  under  test  (9)  is  inserted. 
The  tube  is  held  only  by  the  socket  clips.  It 
has  been  found  that  variations  in  the  socket 
support  have  negligible  effect  on  the  blow 
delivered.  Vibration  isolation  elements  (10)  in 
each  corner  suspend  the  base  plate  in  such  a 
manner  that  no  extraneous  excitation  can  reach 
the  tube  under  test  from  either  the  superstruc¬ 
ture  or  the  table  on  which  the  equipment  stands. 

The  adjustable  feet  (11)  permit  the  raising 
or  lowering  of  the  bob  relative  to  the  tube  under 
test.  In  addition,  an  adjustment  (12)  is  provided 
for  rotating  the  tube  socket  about  its  vertical 
axis  with  respect  to  the  base  plate.  Thus,  any 
predetermined  point  of  impact  on  the  tube  envel¬ 
ope  may  be  struck.  The  base  plate  and  pendu¬ 
lum  support  frame  maybe  levelled  (13),  so  as  to 
bring  the  rest  position  of  the  pendulum  to  indi¬ 
cated  zero  degrees.  The  pendulum  may  be 
released  at  any  desired  angle  along  the  sector 
arm  (14),  which  is  graduated  in  five  degree 
intervals.  The  release  mechanism  (15)  is  a 
simple  spring- actuated  retraction  device,  which 
imparts  no  momentum  in  any  direction  to  the 
pendulum. 

In  designing  this  exciter,  an  effort  was  made 
to  obtain  an  absolute  instrument  in  the  sense 
that  no  external  reference  standards  would  be 
needed  for  the  purpose  of  calibration  except 
those  of  mass,  length,  and  time.  This  was 
achieved  by  utilizing  gravity  as  the  driving 
force,  by  careful  choice  of  materials,  and  by 
design  such  that  variation  in  dimensions  within 
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Figure  1  -  NML  standard  pendulum  tapper 


normal  machining  tolerances  would  yield  neg¬ 
ligible  effects.  At  this  point,  it  is  perhaps  nec¬ 
essary  to  state  that  no  instrument  of  this  type 
can  be  calibrated  in  terms  of  delivered  impulse, 
since  the  latter  quantity  is  dependent  upon  the 
mass  and  elastic  properties  of  the  object  struck 
(which  vary  from  tube  type  to  tube  type),  as 
well  as  the  properties  of  the  instrument.  At 
best,  one  can  obtain  a  calibration  of  momentum 
or  energy  available  immediately  before  impact, 
or  their  equivalents.  In  a  pendulum,  the  mo¬ 
mentum  before  impact  is  directly  proportional 
to  the  angle  of  release.  Hence,  the  calibration 
is  accomplished  in  manufacture,  so  that  no 
further  calibration  procedure  is  necessary. 

In  order  to  determine  whether  the  specifica¬ 
tions  on  mass  and  the  distribution  of  mass  in 
the  pendulum  have  been  adhered  to  in  manufac¬ 
ture,  and  to  insure  the  necessary  degree  of 
cleanliness  of  the  ball  bearings,  two  operational 
checks  are  required.  A  period  measurement 
and  a  decrement  measurement,  employing  as 
the  reference  standard  the  second  hand  of  an 
ordinary  watch,  fulfill  all  the  necessary  opera¬ 
tional  safeguards  required  of  the  instrument  to 
insure  its  precision  performance.  Although, 
not  shown  in  this  Figure,  a  motor  and  friction 
cam  drive  have  been  added  to  the  tapper  to 
obtain  automatic  operation.  When  the  open 
section  of  a  rubber  driving  cam  opposes  the 


bearing  housing  at  (3)  in  Figure  l,the  pendulum 
falls  freely  with  no  encumbrances.  The  solid 
portion  of  the  cam  rolls  around  into  contact 
With  the  bearing  housing  just  in  time  to  pull 
back  the  pendulum,  preventing  it  from  rebound¬ 
ing  and  hitting  the  tube  a  second  time.  The 
pendulum  is  pulled  back  until  the  ball  hits  a 
simple  stop,  the  position  of  which  determines 
the  angle  of  fall.  The  pendulum  arm  is  then 
held  at  this  point,  against  the  slipping  clutch 
action  of  the  cam  in  contact  with  the  bearing 
housing. 

To  accompany  this  precision  exciter,  a 
similarly  precise  indicator  is  required,  cover¬ 
ing  the  entire  audioband.  Studies  of  tube  output 
transients  when  struck  by  the  pendulum  tapper 
indicated  that  measurement  of  two  parameters 
would  serve  to  characterize  adequately  both  the 
spikes  of  impulse  noise,  and  the  damped  transi¬ 
ents  due  to  microphonism;  these  two  parameters 
are  the  peak  amplitude  and  the  average  (or 
time- integrated)  value.  Large  values  for  either 
of  these  may  produce  serious  interference  with 
the  normal  operation  of  circuits  employing  the 
tube.  Neither  measurement  alone  is  sufficient 
since,  in  many  cases,  no  proportionality  exists 
between  the  two  parameters. 

The  indicator  designed  for  this  system  in¬ 
cludes  a  low-noise,  high-quality  audioamplifier, 
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having  a  frequency  response  of  20  to  20,000  tubes  of  the  same  type,  as  in  production  testing, 
cycles.  As  may  be  seen  in  Figure  2,  after  However,  it  is  frequently  desirable  to  obtain 

passing  through  the  amplifier,  the  transient  quantitative  information  concerning  the  peak 

output  of  the  tube  under  test  is  separated  into  and  average  output  of  each  tube,  as,  for  example, 


peak  and  average  (integrated)  measuring  chan¬ 
nels  and  then  full-wave  rectified. 


in  our  extensive  investigations  of  tube  noise  of 
which  a  small  part  will  be  reported  below.  For 


AVERAGE  INDICATING  CIRCUIT 


Figure  2  -  Indicator  schematic 


In  the  peak  channel,  the  rectified  output  is 
fed  directly  to  the  grid  of  a  thyratron  whose 
bias  is  adjusted  to  be  below  its  firing  point  by 
an  amount  precisely  equal  to  the  largest  accept¬ 
able  (amplified)  peak.  Should  this  level  be 
exceeded,  even  momentarily,  by  the  incoming 
noise  transient  (without  regard  to  the  sign  of 
the  noise-voltage  peak),  the  thyratron  will  fire, 
thereby  lighting  a  neon  bulb  in  its  plate  circuit. 
In  the  integrated,  or  average  channel,  the  full- 
wave  rectified  current  is  fed  to  an  adjustable 
R-C  integrator,  so  that  the  capacitor  C  is 
charged  through  the  resistor  R.  If  the  voltage 
accumulated  across  the  capacitor  exceeds  a 
preset  value,  determined  by  the  bias  setting  on 
the  thyratron,  that  tube  will  fire  and  light  another 
neon  lamp.  Thus,  a  quick  glance  at  the  two  neon 
lamps  (which  stay  lit  until  the  circuits  are  reset) 
present  the  answer  in  an  entirely  objective, 
"go  no-go"  fashion. 

This  type  of  presentation  is  particularly  con¬ 
venient  for  rapid  evaluation  of  large  numbers  of 


this  purpose,  oscilloscopes  are  substituted  for 
the  thyratron  circuits. 

Since  the  intent  was  to  build  into  the  pendulum 
tapper  certain  desirable  characteristics  for  the 
excitation  of  electron  tube  noise,  how  closely 
these  desirable  features  were  achieved  was 
experimentally  investigated.  Analysis  of  the 
frequency  spectrum  of  the  mechanical  impulse 
delivered  to  the  tube  envelope  posed  a  difficult 
problem,  since  an  accelerometer  could  not  be 
mounted  on  the  tube  at  the  point  of  impact  with¬ 
out  seriously  affecting  the  actual  impulse.  How¬ 
ever,  since  the  pendulum  experiences  a  force 
equal  but  opposite  to  that  exerted  on  the  tube,  it 
was  decided  to  measure  the  blow  reacting  on 
the  pendulum  ball  during  impact.  The  effective 
masses  of  pendulum  and  tube  being  different  in 
general,  the  magnitude  of  the  acceleration 
experienced  by  the  tube  is  not  necessarily  equal 
to  that  measured  on  the  pendulum  ball,  although 
it  is  readily  calculable.  For  the  present,  it  is 


sufficient  to  know  the  shape  and  duration  of  the 
acceleration  which  the  tube  undergoes. 

As  shown  in  Figure  3,  a  pendulum  ball  was 
cut  in  half  and  a  Massa  Ml  42  accelerometer 
was  mounted  on  the  remaining  half.  The  total 
mass  of  half  the  ball  and  accelerometer  was 
slightly  increased  over  the  normal  pendulum, 
while  the  material  and  geometry  of  the  impact¬ 
ing  surface  were  unchanged.  In  order  to  ascer¬ 
tain  whether  the  blow  delivered  by  the  modified 
pendulum  arm  was  the  same  as  the  blow  de¬ 
livered  by  a  standard  pendulum  arm,  each  was, 
in  turn,  permitted  to  strike  an  accelerometer, 
the  output  of  which  was  recorded.  The  two 
recorded  accelerometer  outputs  were  com¬ 
pared  and  found  to  be  essentially  the  same. 

The  modified  pendulum  arm  was  next  caused 
to  strike  three  different  types  of  electron  tube 
envelopes:  a  metal  octal,  a  glass  octal,  and  a 


Figure  3  -  Accel¬ 
erometer  mounted 
on  modified  pen¬ 
dulum 


miniature  tube.  The  resulting  oscillograms  of 
the  accelerometer  outputs  are  shown  in  Figure  4. 
The  shortest  impulse  (95  microseconds)  is 
generated  by  hitting  a  glass  octal  tube,  while 
the  impulse  delivered  to  a  metal  octal  tube  is 
more  than  twice  as  long.  The  miniature  tube 
falls  in  between  these  two.  The  high-frequency 
modulation  is  a  50  kc  oscillation,  ascribed  to 
the  accelerometer  resonance.  Ignoring  this 
modulation,  the  three  waveforms  may  be  ap¬ 
proximated  by  sine  functions.  The  application 
of  Fourier  Integral  Analysis  to  these  sine  func¬ 
tions  yielded  the  spectral  content  of  the  blow 
delivered  to  the  three  tube  types. 

As  can  be  seen  in  Figure  5,  these  spectra 
show  constant  acceleration  at  low  frequencies, 
falling  to  zero  at  7500  cps  for  metal  octal, 


PULSE  DELIVERED  TO 
S  MINIATURE  TUBE 


95  p  sec 
PULSE  DELIVERED  TO 
GLASS  OCTAL  TUBE 
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PULSE  DELIVERED  TO 
!  METAL  OCTAL  TUBE 


Figure  4  -  Mechanical  impulse*  delivered) 
to  tube  envelopes  by  the  pendulum  tapper 
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Figure  5  -  Graph  of  frequency  spectrum  de¬ 
livered  to  tube  envelopes  by  the  pendulum  tapper 


10,700  cps  for  miniature,  and  15,700  cps  for 
glass  octal  tubes.  Fortunately,  most  of  the 
natural  modes  of  vibration  lie  below  these  points. 
In  this  Figure,  the  spectra  have  been  shown  only 
as  far  as  the  first  zeroes;  actually,  there  is 
appreciable  energy  extending  to  much  higher 
frequencies.  For  convenience,  all  three  curves 
have  been  plotted  with  equal  values  of  accel¬ 
eration  at  low  frequencies. 

Linearity  is  an  important  requirement  of  the 
system  when  quantitative  comparisons  among 
tubes  are  desired.  This  characteristic  was 
examined  in  some  detail.  It  was  found  that  the 
momentum  of  the  pendulum  just  before  impact 
is  almost  directly  proportional  to  its  angle  of 
fall.  From  simple  energy  considerations,  it  can 
be  shown  that  the  departure  from  linearity  at 
30  degrees  is  only  1.2  percent.  This  was  veri¬ 
fied  experimentally  by  allowing  the  pendulum 
to  hit  a  Sperry-MIT  pickup  mounted  on  a  tube 
base  plugged  into  the  socket  of  the  pendulum 
tapper.  A  plot  of  pickup  output  versus  release 
angle  is  depicted  in  Figure  6,  where  each  plotted 
point  represents  the  mean  output  for  152  blows. 
This  graph  is  linear  between  five  and  thirty- five 
degrees.  Below  about  five  degrees,  friction  in 
the  bearings  produces  a  noticeable  effect. 

On  an  a  priori  basis,  it  is  clear  that  this 
equipment  should  be  inherently  capable  of  excel¬ 
lent  repeatability  and  reproducibility.  The 


repeatability  was  determined  over  a  period  of 
several  years  at  the  Material  Laboratory  and, 
with  the  kind  cooperation  of  the  Signal  Corps, 
at  the  Evans  Signal  Laboratory  at  Belmar,  New 
Jersey,  using  three  different  tappers  independ¬ 
ently  constructed  from  the  specifications. 
Numerically,  the  coefficient  of  variation  turned 
out  to  be  less  than  2  percent.  As  for  reproduci¬ 
bility,  comparisons  of  the  results  at  the  two 
Laboratories  revealed  a  coefficient  of  variation 
of  about  3  percent.  It  should  be  kept  in  mind 
that  these  variations  included  that  due  to  ob¬ 
servers,  pickups  and  oscilloscopes,  as  well  as 
the  pendulum  tappers. 

Having  devised  an  exciter  and  indicator  sys¬ 
tem  which  met  high  standards  as  to  frequency 
range,  objectivity,  repeatability  and  reproduc¬ 
ibility,  it  was  applied  to  an  extensive  program 
of  study  on  the  impulse  noise  and  microphonic 
output  of  tubes,  as  reported  elsewhere  (4,5,6) 
with  great  success.  The  Standard  Pendulum 
Tapper,  in  conjunction  with  a  special  wide- band 
peak  indicator  circuit  (from  20  kc  to  10  me) 
has  been  employed  for  the  measurement  of 
mechanically-induced  RF  noise,  and  for  the 
detection  of  shorts  and  discontinuities  in  elec¬ 
tron  tubes,  in  both  cases  with  excellent  results. 
These  signal  successes  demonstrate  the  useful¬ 
ness  of  this  equipment  as  a  quantitative  research 
instrument. 

However,  there  are  phases  of  the  applicability 
of  these  techniques  which  may  prove  to  be  of 
more  general  interest  in  the  broader  field  of 
mechanical  evaluations,  which  will  be  explored 
now  in  some  detail. 


APPLICATION  OF  IMPULSE  TESTING  FOR 
RESONANCE 


The  formulation  of  a  mechanical  resonance 
test  has  long  been  a  necessity  in  order  to  fulfill 
the  requirements  of  military  specifications,  and 
it  was  to  this  field  we  next  turned  our  attention. 
The  resonance  evaluation,  as  applied  to  electron 
tubes,  is  not  defined  in  MIL-E-1B  Specifications; 
as  a  matter  of  fact,  the  only  information  one  has 
as  to  what  is  expected  of  the  test  is  that  there 
is  to  be  no  pronounced  resonance  below  100 
cycles.  As  might  be  expected,  there  have  been 
many  spirited  discussions  between  buyer  and 
vendor  as  to  what  is  a  "pronounced"  resonance 
in  a  tube,  and  what  is  not. 


Figure  6  -  Graph  of  pickup 
output  vs  pendulum  release 
angle 
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A  few  years  ago,  at  the  time  we  started  our 
investigation,  there  seemed  to  be  fairly  uni¬ 
versal,  although  tacit  agreement  that  the  test 


was  to  be  performed  by  placing  the  tube  under 
test  on  a  shaker  and  vibrating  it  from  10  to  100 
cps.  The  method  of  detecting  the  resonance, 
however,  varied  from  visual  observation,'  with 
and  without  microscope  and  stroboscope,  to 
electrical  metering.  In  the  electrical  method, 
the  most  common  technique  utilized  an  oscil¬ 
loscope  or  a  vacuum  tube  voltmeter  to  view  the 
signal  developed  across  a  load  resistor.  As 
the  frequency  was  swept  mechanically  through 
the  band,  the  output  was  monitored  for  a  peak 
or  maximum,  which  would  indicate  a  resonance. 

Investigation  of  these  techniques  showed  that 
visual  observation  has  the  advantages  of  being 
quite  direct  and  straightforward,  and  reveals 
which  element  is  actually  vibrating.  It  is  an 
excellent  tool  for  studying  mechanical  reso¬ 
nances,  but  leaves  much  to  be  desired  as  a 
test,  since  it  is  limited  to  glass  envelopes  and 
to  certain  tube  structures,  orientations,  and 
sizes  of  tubes.  Furthermore,  it  is  quite  time- 
consuming  and  requires  a  fair  degree  of  training 
to  perform. 

The  peak-output  method  is  applicable  to  all 
tubes.  However,  the  maxima  are  frequently  not 
sufficiently  defined,  and  maybe  small  in  magni¬ 
tude  and  not  easily  distinguished  from  the  gen¬ 
eral  noise  level.  The  signal-to-noise  ratio  may 
be  increased  by  vibrating  the  tubes  with  larger 
force,  but  this  causes  some  degree  of  damage 
or,  at  least,  permanent  change  at  the  resonance 
points.  At  best  this  is  a  lengthy  procedure,  and 
not  productive  of  repeatable  results,  due  to 
changes  in  the  tubes  caused  by  excitation  at  the 
resonant  frequencies. 

Our  studies  turned  up  some  other  methods 
with  various  advantages.  For  example,  there 
is  a  phase-shift  method  which  involves  feeding 
a  signal  from  an  accelerometer  mounted  on  the 
shaker  table,  to  the  "X"  deflection  plates  of  an 
oscilloscope.  The  signal  across  the  tube  load 
resistor  is  fed  to  the  "Y"  plates.  When  the  tube 
is  vibrated,  a  Lissajous  pattern  is  formed  on 
the  oscilloscope,  which  goes  through  a  readily 
observable  phase  shift  as  the  shaker  is  swept 
through  a  tube  resonance.  This  is  much  more 
sensitive  and  reliable  than  the  peak-output 
method.  Like  the  peak-output  method,  however, 
it  has  poor  repeatability  (for  the  same  reasons), 
and  requires  a  point- by-point  analysis. 

Another  method,  very  sensitive  but  requiring 
even  more  tedious  manipulations,  is  to  measure 
periodic  changes  in  interelectrode  capacity.  For 
a  complete  analysis,  this  requires  measure¬ 
ments  ^between  all  combinations  of  pairs  of 
electrodes. 


It  can  be  seen  that  the  common  denominator 
of  all  these  methods  is  a  lengthy  point-by-point 
analysis  which  suffers  in  repeatability  because 
of  changes  induced  in  the  tubes  by  vibrating 
them  at  their  resonant  frequencies.  Further¬ 
more,  there  remains  in  each  case  the  problem 
of  how  to  define  what  is  and  what  is  not  a 
resonance. 

At  this  point  in'our  studies,  a  question  arose, 
engendered*  by  the  fact  that  we  were  engaged 
concurrently  in  investigating  the  a-f  micro- 
phonism  test.  Since  a-f  microphonism,  as 
revealed  by  the  pendulum  tapper,  is  a  result  of 
the  excitation  of  the  tube  resonances,  why  not 
use  the  same  system  for  a  resonance  test? 

Here  a  question  of  philosophy  intervenes.  In 
all  the  methods  of  resonance  testing  discussed 
above,  there  is  what  may  be  called  a  diagnostic 
feature;  namely,  one  learns  at  what  frequency 
the  resonance  occurs.  However,  when  a  tube  is 
failed  by  the  pendulum  tapper  and  associated 
circuitry,  all  that  is  known  is  that  the  output  of 
the  tube  exceeds  a  certain  value.  Is  the  diag¬ 
nostic  feature  necessary? 

We  believe  that  as  a  consumer  of  tubes,  the 
Government  is  not  interested  in  diagnosing  the 
reasons  for  failing.  Its  principal  interest,  we 
further  believe,  is  to  have  available  means  for 
reliably  separating  the  wheat  from  the  chaff  in 
as  accurate,  objective,  expeditious  and  inexpen¬ 
sive  a  manner  as  is  possible.  Let  us  examine 
now  how  well  the  pendulum  tapper  system  does 
this  for  resonance. 

There  were  some  questions  as  to  whether 
the  tapper  blow  would  excite  resonances  below 
100  cycles.  A  good  deal  of  searching  (using  the 
visual-observation  and  the  phase-shift  methods), 
finally  turned  up  a  tube  which  had  a  resonance  in 
this  range.  It  turned  out  to  be  an  838  transmit¬ 
ting  tube.  Parenthetically,  bur  lack  of  success 
in  finding  a  receiving  tube  with  such  a  resonance 
raised  grave  doubts  as  to  the  suitability  of  this 
upper-frequency  limit.  At  any  rate,  we  were 
able  to  excite  the  only  resonance  in  this  tube 
below  100  cycles  (namely,  at  76  cycles)  with  the 
tapper,  just  as  well  as  with  steady-state  excita¬ 
tion.  This  is  certainly  to  be  expected,  con¬ 
sidering  the  frequency  spectrum  introduced  into 
the  tube  envelope  by  the  tapper,  which  was  shown 
in  Figure  5.  As  may  be  seen  in  that  figure,  the 
spectrum  is  flat  over  most  of  the  audioband  and 
right  down  to  dc. 

It  was  decided  at  this  point  to  consider  600 
cycles  as  the  frequency  limit  below  which  there 
should  be  no  resonance.  This  was  in  harmony 
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with  the  desires  of  the  Air  Force  at  that  time, 
and  also  better  reflected  our  thinking  than  the 
100  cycle  limit  previously  employed. 

An  experimental  correlation  was  attempted 
now  between  the  tube  resonances  excited  by 
forced  vibration  and  by  tap  excitation.  Twenty- 
four  tubes  from  Navy  stock  were  obtained,  of 
three  different  types:  the  6AC7W,  6SL7W  and 
the  5932.  Their  resonances  were  determined 
by  sweeping  the  frequency  of  an  electrodynamic 
shaker,  on  which  each  was  mounted  in  turn, 
through  a  band  from  20  to  800  cycles.  Reso¬ 
nance  was  detected  by  both  the  peak  output  and 
the  phase  shift  method;  the  output  maxima  and 
the  frequencies  of  the  various  resonances  were 
noted. 

A  correlation  was  originally  desired  between 
these  output  maxima  determined  from  vibration 
and  the  resonant  amplitudes  determined  from 
tapping.  However,  repeated  trials  of  the  tubes 
on  swept-frequency  vibration  showed  such  a 
variability  in  the  output  at  resonance  that  this 
attempt  was  abandoned.  Instead,  it  was  decided 
to  compare  the  actual  frequencies  at  which 
resonances  were  recorded,  since  these  repeated 
very  well. 

In  order  to  determine  the  frequency  com¬ 
ponents  present  in  the  transient  output  of  the 
tubes  excited  by  the  pendulum  tapper, the  output 
was  recorded  on  a  very  short,  endless  magnetic 
tape,  and  played  back  repeatedly  into  a  fre¬ 
quency  analyzer,  so  that  the  output  at  each 
frequency  could  be  measured.  The  high  degree 
of  correlation  obtained  may  be  seen  in  Table  1 
where  essentially  every  resonance  revealed  by 
the  steady-state,  or  vibration  method,  was  also 
shown  by  the  tapper -impulse  method.  The 
impulse  method  excited  additional  resonances, 
which  will  be  discussed  later. 

As  shown  in  this  table,  the  differences  between 
the  two  frequency  measurements  in  each  case 
are  expressed  as  a  percentage.  The  incidence 
of  these  percentages  was  plotted  against  per¬ 
centage  difference,  and  a  Gaussian  distribution 
resulted.  This  showed  that  the  differences 
were  not  significant,  but  could  be  attributed  to 
experimental  error.  Thus,  since  the  same 
resonant  frequencies  are  excited  by  impulse 
that  are  excited  by  sinusoidal  excitation,  then 
impulse  may  be  substituted  for  steady- state 
vibration  to  excite  the  mechanical  resonances 
of  electron  tubes. 

Since  these  two  methods  are,  at  least  to  this 
extent,  interchangeable,  one  must  judge  between 
them  on  the  basis  of  other  considerations.  The 


TABLE  1 

Material  Laboratory  Data 
Frequency  Correlation  for  Steady  State  and 
Impulse  Excitation 


Tube 

No. 

Freq.  Excited 
Impulse  Exc. 
(cps) 

Freq.  Excited 
Steady  State  Exc. 
(cps) 

% 

Diff. 

1 

265 

275 

-3.7 

630 

600 

+4.9 

0 

300 

280 

+6.9 

825 

840 

-1.8 

3 

315 

330 

-4.7 

4 

285 

R 

295 

310 

-5.0 

610 

600 

+1.7 

6 

315 

325 

-3.1 

7 

280 

280 

0 

8 

280 

285 

-1.8 

9 

320 

330 

-3.1 

10 

295 

260 

+13 

1  1 

305 

305 

0 

585 

585 

0 

1  o 

350 

330 

+5.7 

640 

680 

-6.1 

13 

275 

280 

-1.8 

245 

14 

392 

365 

+7.1 

585 

540 

+8.0 

240 

240 

0 

15 

345 

340 

+1.5 

475 

480 

-1.0 

114 

117 

-2.6 

16 

255 

355 

1 7 

410 

395 

+3.7 

190 

540 

1  ft 

470 

415 

+12 

298 

1  Q 

145 

150 

-3.4 

195 

205 

-5.0 

155 

156 

-0.6 

20 

320 

335 

-4.6 

_ 

195 

145 

140 

+3.5 

21 

165 

180 

-8.7 

280 

310 

-11 

470 

165 

166 

-0.6 

22 

205 

205 

0 

330 

330 

0 

145 

143 

+1.4 

23 

185 

190 

-2.7 

260 

250 

+3.9 

320 

315 

+1.6 

140 

135 

+3.6 

24 

195 

185 

+5.3 

250 

230 

+8.3 

320 

320 

0 

269 


~4r-_ 


advantages  of  the  impulse  or  tapper  method  may 
be  enumerated  as  follows: 

•  Avery  simple  criterion  exists  for  the  rejec¬ 
tion  of  tubes  for  resonance:  namely,  the 
voltage  swing  developed  by  the  resonance. 

•  By  the  use  of  the  thyratron  indicator  pre¬ 
viously  discussed,  this  criterion  may  be 
applied  completely  objectively. 

•  The  NML  Pendulum  Tapper  System  pro¬ 
vides  a  highly  repeatable  evaluation. 

•  The  tapper  is  readily  reproduced  anywhere 
and  does  not  require  calibration  to  cor¬ 
relate  results  at  various  installations.  It 
is  much  less  expensive  than  wide-band, 
swept-frequency  equipment. 

•  It  is  completely  nondestructive:  tubes  are 
not  changed  at  all  by  the  evaluation. 

•  It  is  much  more  rapid,  since  the  answer 
for  all  resonances  in  the  chosen  band  is 
obtained  instantaneously,  as  the  result  of 
one  blow. 

•  Untrained  personnel  can  operate  it  and  get 
correct  answers. 

•  It  is  very  simple  to  change  the  frequency 
band  of  interest,  simply  by  changing  a 
filter  setting.  If  desired,  it  could  be  ! 
extendedto  one,  five,  or  even  ten  kilocycles. 

In  return  for  this  impressive  list  of  advan¬ 
tages,  the  only  disadvantage  is  that  it  is  not 
diagnostic,  which,  as  stated  previously,  the 
consumer  can  forego  with  no  loss.  A  tremen¬ 
dous  gain  is  that,  with  such  simple  and  rapid 
procedures,  it  may  serve  as  an  excellent  pro¬ 
duction  test. 


APPLICATION  OF  IMPULSE  TESTING  FOR 
VIBRATION 


Having  taken  full  advantage  of  the  common 
elements  between  a-f  impulse  noise  and  micro- 
phonism,  and  resonance,  it  seemed  natural  to 
turn  attention  to  a  closely  related  evaluation, 
namely,  the  operational  vibration  paragraphs 
in  MIL- E- IB.  These  tests  subject  the  tubes  to 
sine-wave  excitation,  and  reject  on  the  basis  of 
excessive  voltage  output.  Paragraph  4.9.19.1 
refers  to  low-frequency  vibration  (at  25  cycles), 
4.9.19.2  is  high-frequency  vibration  (that  is, 


50  cycles),  paragraph  4.9.20.3  is  variable- 
frequency  vibration  (from  10  to  50  cycles),  while 
paragraph  4.9.20.4  is  the  same  as  4.9.19.1, 
only  this  time  it  deals  with  a  design  test. 

The  variable-frequency  vibration  test  is  the 
most  general  of  these,  therefore  most  of  the 
comments  will  be  directed  to  that.  Looking,  as 
we  did  before,  at  the  objections  to  present  tech¬ 
niques,  the  following  list  is  readily  compiled: 

•Low-frequency  excitation  is  employed, 
giving  little  information  concerning  the 
tubes  at  higher  frequencies,  whereas  pres¬ 
ently  available  information  shows  field 
excitation  extending  into  the  thousands  of 
cycles.  This  deficiency  is  becoming  more 
widely  recognized,  to  the  end  that  swept- 
frequency  vibration  tests  up  to  10,000 
cycles  are  coming  into  use.  This  is  very 
definitely  a  real  advance.  However,  mate¬ 
rial  will  be  presented  which  wili  raise 
questions  as  to  the  adequacy  of  steady- state 
or  swept-frequency  techniques  in  general. 
For  the  present,  let  us  return  to  the  low- 
frequency  vibration  tests. 

•  For  all  receiving  and  even  moderate- size 
transmitting  tubes,  practically  all  reso¬ 
nances  exceed  100  cycles.  Since  it  is  only 
at  or  near  resonance  that  large  excursions, 
and  therefore,  large  outputs,  are  produced, 
it  is  mandatory  that  an  evaluation  of  the 
operation  of  the  tube  above  100  cycles 
be  performed. 

•  Many  tubes  will  fail  a  vibration  evaluation 
on  one  type  of  vibration  machine  (a  positive- 
drive  type,  for  example)  while  passing  on 
another  (the  leaf-spring  or  electrodynamic 
type,  for  example).  This  is  partly  due  to 
inherent  tube  properties  and  partly  to 
machine  malfunctioning,  such  as  mechanical 
"slap",  introduced  by  wear  or  poor  lubri¬ 
cation.  Mechanical  drive  machines  are 
cumbersome,  expensive,  difficult  to  main¬ 
tain,  and  yield  results  which  are  not  repro¬ 
ducible.  Nevertheless,  they  are  widely 
used,  particularly  for  the  heavier  tubes. 

•  Experience  with  the  present  procedures 
have  indicated  their  inability  to  weed  out 
defective  tubes  properly.  For  example,  at 
the  Material  Laboratory,  less  than  one 
percent  of  receiving  tube  type  approval 
samples,  subjected  to  this  test  over  a 
period  of  years,  failed  because  of  exces¬ 
sive  electrical  noise  on  the  vibration  test. 
Yet  many  tubes  purchased  from  the  same 
manufacturers  have  become  vibration  fail¬ 
ures  in  the  field. 
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Now,  in  contradistinction  to  these  difficulties, 
the  application  of  steady-state  vibration  over  a 
wide  frequency  range,  or  alternatively,  impulse 
excitation,  can  excite  all  mechanical  resonances, 
and  also  induce  the  "slapping"  of  parts  in  tube 
assemblies,  due  to  large  excursions  at  reso¬ 
nance.  The  wide-band,  steady-state  method 
involves  a  laborious  point- by-point  check,  and 
requires  equipment,  for  the  heavier  tubes,  which 
is  not  even  available  at  this  time.  Further¬ 
more,  on  the  small  tubes,  for  which  equipment 
is  available,  the  results  are  not  repeatable,  as 
was  shown  in  the  work  on  resonance. 

Impulse  methods,  on  the.  other  hand,  enables 
instantaneous  excitation  of  ail  frequencies  over 
a  broad  band.  It  is  equally  applicable  to  the 
large  as  well  as  the  small  tubes,  and  is  repeat- 
able  and  objective.  What  is  of  great  importance, 
also,  is  the  fact  that  all  resonances  are  stim¬ 
ulated  simultaneously. 

When  all  possible  resonant  modes  of  a 
complex- coupled,  mechanical  system  (such  as 
an  electron  tube)  are  excited  simultaneously, 
intermodulation  frequencies  may  be  produced 
due  to  mechanical  and  electrical  nonlinearities. 
Thus,  increased  output  is  produced  at  frequen¬ 
cies  which  the  swept-frequency  method  cannot 
possibly  excite,  since  it  lacks  simultaneity. 

The  consequences  of  this  are  twofold.  Where 
you  want  to  know  the  worst  performance  a  tube 
can  deliver,  under  general  field  type  of  condi¬ 
tions,  it  is  necessary  to  impulse-excite  that 
tube.  This  was  graphically  demonstrated  by 
the  correlation  study  which  has  been  described 
under  resonance,  and  shown  in  Table  1.  As  was 
mentioned  before,  the  impulse  excitation  pro¬ 
duced  output  at  frequencies  not  excited  by  the 
swept-frequency  method.  It  is  to  be  expected 
that  in  some  instances  these  intermodulation 
products  may  yield  as  high  or  higher  displace¬ 
ment,  and  therefore  electrical  output,  than  are 
obtained  elsewhere  in  the  spectrum.  Thus, 
where  this  occurs,  one  could  recognize  such 
tubes  as  rejects  only  by  means  of  impulse 
excitation.  * 


*It  may  be  seen  in  Table  1  that  there  are  two 
instances  where  a  resonance  was  detected  by 
vibration  which  was  not  detected  by  impulse 
excitation.  This  is  undoubtedly  due  to  instru¬ 
mental  difficulties;  that  is,  the  more  sensitive 
phase-shift  method  was  employed  with  vibra¬ 
tion,  whereas  the  less  sensitive  peak-output 
method  had  to  be  used  with  the  impulse-excited 
transients.  Furthermore,  the  necessity-  for 
splicing  the  endless  magnetic  type,  as  well  as 
switching  transients,  raised  the  noise  level 
when  examining  the  impulse- excited  transients. 
Lastly,  the  inherent  tube  nonrepeatability  under 
vibration  may  have  been  a  contributory  factor. 


Furthermore,  environments  in  the  field  con¬ 
tain  transient,  or  impulse  excitation,  as  well  as 
steady- state  vibrational  excitation.  When  you 
try  to  recreate  these  in  the  laboratory,  you  find 
that  a  sharp  impulse,  containing  a  very  broad 
band  of  frequencies,  can  simulate  the  effects  of 
both  impulse  and  steady-state  excitation,  as  has 
been  proved  and  will  be  proved  again  by  a  dif¬ 
ferent  method.  However,  the  converse  is  not 
true,  since  steady-state  excitation  can  only 
simulate  itself.  It  cannot  simulate  impulse, 
because  it  lacks  simultaneity.  This  fact  makes 
of  impulse  excitation  the  more  general  type,  and 
should  be  weighed  in  considering  comparative 
merits  of  the  two  methods. 

At  this  point,  it  was  decided  to  determine 
whether  impulse  excitation  could  be  substituted 
for  the  whole  complex  of  operational  vibration 
paragraphs.  It  was  our  belief  that  none  of  the 
MIL-E-1B  vibration  paragraphs  could  reveal 
as  much  about  a  tube's  electrical  noise  behavior 
as  could  be  extracted  from  it  by  exposure  to  the 
Material  Laboratory  system. 

The  problem  of  determining  whether  it  was 
justifiable  to  substitute  the  pendulum  tapper 
system  for  vibration  was  attacked  on  several 
fronts.  One  of  the  points  that  had  to  be  proved 
was  that  the  tapper  system  measured  a  param¬ 
eter  that  was  the  same  as,  or  closely  related  to, 
that  which  vibration  measures.  If  such  were 
not  so,  then  a  gap  would  be  left  in  the  informa¬ 
tion  obtained  from  the  tubes,  if  the  vibration 
test  were  to  be  eliminated.  The  procedure 
decided  upon  was  to  obtain  the  correlation 
between  readings  taken  on  the  same  tubes  with 
the  two  methods. 

However,  before  we  proceed  with  this  cor¬ 
relation,  a  great  difference  in  kind  between  the 
two  methods  must  be  considered  and  taken  into 
account.  The  MIL-E-1B  vibration  paragraphs 
we  were  studying  excited  tubes  only  up  to  50 
cycles,  while  the  tapper  excites  tubes  over  a 
very  broad  band  of  frequencies. 

Many  tube  engineers  were  of  the  opinion, 
despite  its  limited  frequency  range,  that  the  low- 
frequency  vibration  somehow  revealed  infor¬ 
mation  about  the  operation  of  the  tube  at  higher 
frequencies.  To  investigate  this,  32-type  6AC7 
electron  tubes  were  picked  at  random  from 
Navy  tube  stock  and  vibrated  at  25  cycles  and 
2.5  g.  A  low-pass  variable  cut-off  filter  was 
switched  from  100  cycle  to  20  kilocycle  cut-off 
while  the  tube  was  being  vibrated.  Thus  the  two 
bands  in  which  the  output  was  measured  was 
10  to  100  cycles  and  10  cycles  to  20  kilocycles. 
The  results  of  this  experiment  are  shown  in 
histogram  form  in  Figure  7.  As  can  be  seen 
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Figure  7  -  Comparison  of  vibration  readings  (rms)  taken  with  a 
100  cps  filter  and  a  20  kcps  filter 


graphically,  the  correlation  between  the  outputs 
in  the  two  bands  is  close  to  perfect.*  Thus, 
the  MIL-E-1B  vibration  test  yields  practically 
no  additional  information  in  the  frequency  range 
between  100  cycles  and  20  kilocycles,  as  com¬ 
pared  to  that  obtained  from  10  to  100  cycles. 

The  same  type  of  experiment,  with  the  same 
two  filter  settings,  was  performed  on  these  same 
tubes  with  the  pendulum  tapper.  The  results  for 
the  peak  channel  are  shown  in  Figure  8.  There 
is  very  little  correlation  evident  between  the 
outputs  taken  with  the  two  filter  settings.  Note 
the  much  greater  output  level  observed  in 
almost  all  tubes  with  the  wide-open  band  as 
opposed  to  the  narrow  band. 

The  results  for  the  average  channel  are 
shown  in  Figure  9.  Here,  no  correlation  between 
the  two  filter  settings  may  be  seen.  This  shows 


*It  may  seem  strange  that  the  output  in  the 
narrow  band  is  greater  than  that  in  the  broad 
band,  in  practically  all  cases.  This  is  an 
instrumental  defect,  in  that  the  insertion  loss 
of  the  filter  was  marked  as  0  db  in  both  cases, 
whereas  this  was  not  actually  so.  However,  no 
correction  had  been  made  on  the  original  data. 


that,  unlike  vibration  excitation,  the  tapper 
reveals  a  great  deal  of  information  in  the  fre¬ 
quency  range  from  100  cycles  to  20  kilocycles, 
which  was  not  available  in  the  lower  band.  The 
broader  conclusion  must  be  drawn  that  a  low- 
frequency  vibration  test  provides  little  knowledge 
concerning  actual  service  usage  of  electron 
tubes,  the  pendulum  tapper  impulse  excitation 
provides  a  great  deal  of  such  knowledge,  since 
transient  and  vibration  excitation  at  frequen¬ 
cies  well  above  100  cycles  are  commonly 
encountered. 

With  the  information  gained  from  the  fore¬ 
going  experiments,  we  were  prepared  to  deter¬ 
mine  the  correlation  between  the  two  methods. 
It  is  now  apparent  that,  to  expect  any  degree  of 
correlation,  the  tapper  system  must  be  degraded 
frequency-wise  to  the  narrow  band  to  which  the 
vibration  tests  are  confined.  This  was  achieved 
by  using  a  low-pass  filter  on  the  output  of  the 
tube  excited  by  the  pendulum  tapper.  As  for  the 
vibration  output,  it  makes  no  difference  whether 
the  broad  or  narrow  band  is  used. 

Peak  and  average  tap  measurements  and 
three  runs  of  25-cycle  vibration  measurements 
were  made  using  46  type  6V6GT  electron  tubes, 
with  the  tapper  output  being  degraded  by  the  use 
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Figure  8  -  Comparison  of  tap  readings  (peak)  taken  with  a  100  cps 
filter  and  a  20  kcps  filter 


TUBE  NUMBER 

Figure  9  -  Comparison  of  tap  readings  (average)  taken  with  a 
100  cps  filter  and  a  20  kcps  filter 
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of  a  50-cycle  cut-off,  low-pass  filter.  These 
data  were  then  treated  statistically  to  obtain 
product  moment  correlation  coefficients  between 
peak  and  vibration,  average  and  vibration,  and 
between  individual  vibration  runs.  These  self¬ 
correlations  were  required  because  of  the  poor 
repeatability  of  the  vibration  measurements,  as 
will  be  seen. 

The  correlation  coefficients  of  runs  1,  2, 
and  3  of  vibration  with  the  tap  average  output 


were  0.56,  0.56  and  0.62,  respectively.  The 
correlation  coefficients  of  runs  1,  2,  and  3  of 
vibration  with  the  tap-peak  output  were  0.40, 
0.47  and  0.48,  respectively.  Now  these  do  not 
seem  to  be  high  correlations.  However,  this 
is  only  a  part  of  the  story.  The  self- correlation 
of  vibration  was  found  to  be  low  also,  due  to 
poor  repeatability:  the  coefficients  for  runs 
1  vs  2,  2  vs  3,  and  1  vs  3  were  0.68,  0.56  and 
0.64, respectively.  It  maybe  easier  to  visualize 
these  relationships  by  use  of  data  shown  here: 
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TABLE  2 


Tap 

Average 

Tap 

Peak 

Vibi 

Vib2 

Vib3 

Vibi 

.56 

.40 

.68 

.64 

Vib2 

.56 

.47 

.68 

.56 

Vib3 

.62 

.48 

.64 

.56 

It  can  be  seen  that  the  tap  average  readings, 
for  example,  correlate  very  nearly  as  well  with 
vibration  as  vibration  correlates  with  itself. 
Another  way  of  looking  at  this  result  is  to  recall 
one  of  the  meanings  of  the  correlation  coefficient, 
which  is:  the  predictability  of  the  values  of  one 
variable  from  knowledge  of  the  values  of  the 
other.  Thus,  the  analysis  shows  that  the  results 
of  a  tap  test  on  a  group  of  electron  tubes  may 
be  used  to  predict  the  vibration  output  of  these 
tubes  very  nearly  as  well  as  an  actual  vibration 
run,  demonstrating  the  really  high  correlation 
between  these  two  tests. 

Dissatisfaction  with  the  even-poorer-than- 
expected  repeatability  of  vibration  led  to  a 
repetition  of  this  experiment,  using  32  type 
6AC7  electron  tubes,  a  better  shaker,  and  this 
time  a  100-cycle  cut-off,  low-pass  filter.  The 
seifs  correlation  of  vibration  was  improved 
somewhat,  and  the  cross -correlation  also  im¬ 
proved  correspondingly.  The  results,  however, 
were  substantially  the  same,  proving  as  before 
a  high  degree  of  relationship  between  the  two 
methods. 

In  order  to  prove  the  case  beyond  any  shadow 
of  doubt,  to  convince  any  possible  remaining 
skeptics,  another  approach,  which  we  call  opera¬ 
tional,  was  taken  with  the  same  data  obtained  for 
the  second  correlation  experiment.  By  opera¬ 
tional  approach  is  meant  the  employment  of 
each  test  (on  a  comparable  basis)  in  the  manner 
in  which  it  would  be  used  ultimately;  namely,  to 
reject  unsatisfactory  tubes.  Degrading  the  tap 
test  to  include  (to  a  limited  extent)  only  that 
frequency  band  involved  in  the  vibration  test, 
should  enable  the  rejection  by  the  tap  test  of 
every  tube  rejected  by  the  vibration  test,  if  we 
are  to  substitute  the  former  for  the  latter.  Fur¬ 
thermore,  if  we  have  a  better  test,  there  should 
be  some  tubes  rejected  by  the  tap  test  which  are 
not  rejected  by  the  vibration  test,  thus  making 
the  converse  impossible;  that  is,  it  would  not 
be  possible  to  reject  by  vibration  all  tubes 
rejected  by  the  tapper. 

The  32  type  6AC7  tubes  had  been  subjected 
to  vibration  for  five  runs,  and  to  five  runs  on 
the  tapper  peak  and  average  channels.  Com¬ 
paring  now  the  rejections  by  the  two  methods, 


the  vibration  test  had  rejected  one  tube  on  all 
five  runs,  one  tube  for  only  four  runs  and  two 
tubes  for  only  three  runs,  for  a  total  of  four 
tubes  rejected  three  or  more  times.  The  cor¬ 
responding  figures  for  the  pendulum  tapper 
system  were:  Three'tubes  rejected  on  all  five 
runs,  two  tubes  rejected  only  four  times  and 
three  tubes  rejected  only  three  times,  for  a 
total  of  eight  tubes  rejected  three  or  more 
times.  On  a  tube-for-tube  basis,  the  tapper 
had  rejected  the  very  same  tubes  rejected  by 
vibration,  plus  four  additional  tubes. 

Restricting  our  attention  now  to  the  tubes 
consistently  rejected  by  the  two  methods,  the 
single  tube  rejected  five  out  of  five  times  by 
vibration  was  consistently  rejected  by  the 
tapper  as  well.  In  addition,  the  tapper  rejected 
two  more  tubes.  One  of  these  two  had  been 
rejected  only  three  out  of  five  times  by  vibra¬ 
tion,  but  five  out  of  five  by  the  tapper.  The 
other  tube,  which  was  also  rejected  every  time 
by  the  tapper,  fell  well  below  the  rejection  level 
in  all  five  vibration  runs. 

This  last  tube  verified  the  last  of  the  pre¬ 
dictions  that  had  been  made:  namely,  that 
vibration  cannot  reject  all  tubes  rejected  by 
tapping.  In  order  to  accomplish  this,  nearly 
all  of  the  tubes  under  test  would  have  had  to 
be  rejected  by  vibration.  This  confirms  the 
a  priori  reasoning  that,  while  a  strong  relation¬ 
ship  exists  between  the  two  tests,  the  tapper 
test  (even  when  degraded  with  a  100-cycle 
filter)  reveals  more  information  about  tube 
defects  than  does  the  vibration  test. 

The  explanation  for  the  behavior  of  this 
particular  tube  lies  in  the  nature  of  the  tapper 
excitation.  In  attempting  to  degrade  the  tapper 
system,  so  as  to  place  it  on  a  comparable  basis 
with  vibration,  only  the  electrical  output  was 
limited  in  frequency  range  by  the  filter.  The 
lack  of  a  mechanical  filter  for  degrading  the 
wide-band  mechanical  impulse  serves  to  explain 
why  additional  tubes  are  failed  by  tap  and  not 
by  vibration,  even  though  the  electrical  filter 
has  supposedly  equalized  the  two. 

The  tube  output  when  tapped  is  indicative  of 
the  disturbance  caused  by  every  frequency  up 
to  the  100- cycle  limit  of  the  filter  and  in  addi¬ 
tion,  may  contain  information  concerning  higher 
frequency  mechanical  resonances  (since  the 
tube  elements  are  actually  vibrating  at  these 
frequencies)  even  though  they  are  explicitly 
absent  from  the  noise  measurement  because  of 
the  filter.  For  example,  electrical  and  mechan¬ 
ical  nonlinearities  may  yield  difference  fre¬ 
quencies  which  fall  under  100  cycles.  Another 
possibility  is  that  a  tube  may  have  a  resonance 
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not  far  above  100  cycles.  It  will  be  excited  by 
the  tapper,  and  the  resultant  electrical  output 
may  get  through  the  indicator  system,  although 
attenuated. 

All  of  this  vibration  experimentation  has  led 
to  the  inescapable  conclusion  that  impulse 
excitation  (as  supplied  by  the  Pendulum  Tapper) 
may  be  substituted  for  low-frequency  vibration 
testing,  with  a  real  gain  in  information  obtained. 
This  additional  data  comes  from  the  wide- 
frequency  band  mechanical  excitation  and  the 
simultaneity  of  application  of  all  of  these  fre¬ 
quencies.  The  other  correlative  advantages 
are  the  same  as  those  enumerated  under  the 
conclusions  from  the  resonance  investigation, 
namely:  cheaper  equipment,  simpler  to  use; 
increased  repeatability,  reproducibility  and 
objectivity;  nondestructive,  more  rapid  testing; 
and  simple  provision  for  changing  the  frequency 
band  under  consideration. 


GENERALIZATIONS 

When  one  reflects  briefly  on  the  diversity  of 
vehicles  in  which  any  given  type  of  electron 
tube  is  employed,  the  different  natural  elements 
through,  on,  or  under  which  they  travel,  and 
even  further  to  the  various  locations  aboard 
each  of  these  vehicles,  each  location  providing 
a  different  mechanical  environment,  the  pros¬ 
pect  of  attaining  a  proper  simulation  of  field 
environment  in  the  Laboratory  is  not  very 
promising. 

In  this  respect,  tubes  differ  from  the  case  of 
large  pieces  of  specialized  equipment,  where 
the  intended  locations  and  environments  may  be 
determined  beforehand.  It  should  also  be  kept 
in  mind  that  the  possible  permutations  and 
combinations  of  the  above  variables  are  further 
extended  by  the  fact  that  two  distinct  classes 
of  excitation  may  be  present,  either  separately 
or  in  combination:  namely  vibrational,  or 
steady-state,  and  transient,  or  impulse-type 
excitations.  The  desirability  of  representing 
these  very  complex  field  conditions  with  a 
single,  simple  mechanical  evaluation  suggests 
the  employment  of  constant  "g"  excitation, 
extending  from  dc  to  as  high  in  the  spectrum 
as  is  feasible. 

The  unit  impulse,  if  it  were  physically 
realizable,  would  be  a  very  attractive  method 
for  the  excitation  of  electron  tubes,  in  the  light 
of  this  consideration.  By  unit  impulse  is  meant, 
of  course,  an  infinite  force  applied  to  the  tube 
for  infinitely  short  duration.  Mathematically, 
it  can  be  shown  that  such  an  idealized  excitation 


provides  an  infinite  frequency  spectrum  of 
uniform  amplitude.  Furthermore,  unlike  swept- 
frequency  techniques,  the  excitation  is  applied 
at  all  these  frequencies  simultaneously,  the 
importance  of  which  has  already  been  shown. 
It  is  just  this  characteristic  of  simultaneity 
which  enables  impulse  excitation  to  simulate 
the  effects  of  vibration  over  a  broad  range  of 
frequencies,  in  addition  to  simulating  impulses, 
while  the  converse  is  not  true.  Other  general 
advantages  pi  impulse  excitation  are  its  speed 
and  simplicity  of  equipment. 

No  claim  is  made  that  the  pendulum  tapper 
provides  a  unit  impulse;  however,  the  impulse 
it  delivers  possesses  the  important  property, 
in  common  with  the  unit  impulse,  of  simultaneity. 
Furthermore,  the  spectrum  of  the  acceleration 
introduced  by  the  impulse  into  electron  tubes 
is  flat  from  dc  to  well  up  in  the  audioband,  and 
contains  energy  over  a  broad  enough  frequency 
band  to  excite  most  of  the  important  structural 
resonances. 

It  is  our  belief  that  these  two  requirements 
should  be  fulfilled  by  any  excitation  intended  to 
represent,  or  simulate,  generalized  field  envi¬ 
ronments.  Swept-frequency  methods  can,  at 
least  in  theory,  meet  the  wide-frequency  band 
requirements.  The  phase  "in  theory"  is  used 
because,  for  the  present,  the  equipment  to  do 
this  is  available  only  for  very  light-weight  loads 
involving  a  single  miniature  tube,  although  a 
quite  large  and  expensive  equipment  has  very 
recently  appeared  on  the  market  which  extends 
the  frequency  to  5000  cycles  for  heavier  loads. 
The  limitations  of  lackof  simultaneity,  however, 
and  the  time  requirements  for  testing  still  leave 
much  to  be  desired  in  this  method. 

Another  related  investigation  nearing  com¬ 
pletion  at  the  Material  Laboratory  concerns  a 
study  of  the  phenomenon  of  fatigue  of  electron 
tubes.  Since  the  concept  of  fatigue  failure 
requires  an  excitation  which  is  nondestructive 
over  a  short  interval  of  time,  but  effective  over 
a  period  of  many  hours,  in  order  to  conserve 
time  it  is  mandatory  that  many  tubes  be  evalu¬ 
ated  simultaneously.  Keeping  in  mind  the  dual 
requirements  of  broad-frequency  band  of  excita¬ 
tion  and  simultaneity  of  application  of  all  fre¬ 
quencies,  our  first  approach  to  a  solution  was 
the  mechanical  generation  of  impulses,  which 
was  later  obtained  on  a  modified  electrodynamic 
shaker.  It  was  found  that,  for  normal  electron- 
tube  structures,  random  noise  can  also  be  con¬ 
sidered  as  meeting  these  criteria. 

These  three  methods  have  all  yielded  field- 
type  fatigue  failures  in  our  laboratory.  How¬ 
ever,  it  is  to  be  kept  in  mind  that  the  equipment 
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required  is  very  bulky  and  expensive,  and  is 
only  justified  for  fatigue  evaluations.  For  all 
test  procedures  which  require  determination 
of  the  mechanical  properties  of  a  tube  at  a  given 
time  (such  as  impulse  noise  and  microphonism, 
resonance,  and  vibration  evaluations)  wherein 
it  is  feasible  to  test  one  tube  at  a  time,  we 
believe  a  simple  impulse  approach  provides 
the  best  answer  at  the  present  time. 


SUMMARY  AND  CONCLUSION 


are  broad-frequency  band  and  simultaneity 
of  excitation,  objectivity  of  indication,  repeata¬ 
bility  and  reproducibility,  coupled  with  speed 
and  simplicity  of  equipment. 

From  a  broader  point  of  view,  perhaps  the 
most  important  factor  in  favor  of  impulse  test¬ 
ing  is  its  ability  to  simulate  the  most  general 
type  of  excitation  experienced  in  the  field.  It 
is  felt  that  the  superiority  of  the  method  war¬ 
rants  considering  extension  to  the  mechanical 
testing  of  other  components  and  equipment. 


In  brief  summation,  the  superiority  of  impulse 
excitation  over  low-frequency,  steady-state, 
and  swept-frequency  vibration  has  been  demon¬ 
strated  by  certain  electromechanical  tests  for 
electron  tubes.  The  Material  Laboratory  sys¬ 
tem  has  provided  all  the  advantages  implicit  in 
transient  testing  by  introducing  a  sharp  impulse 
directly  into  the  tube  envelope.  These  advantages 
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DISCUSSION 


I.  Vigi  ess,  NRL:  Could  you  or  Mr.  Stinchfield 
make  a  comparison  of  the  differences  or  like¬ 
nesses  of  your  two  methods  of  excitation? 

Wohl:  I  think  it  might  be  good  to  do  that.  I 
believe  that  the  results  obtained  will  be  quite 
similar  since  both  methods  give  you  a  degree  of 
simultaneity  of  excitation  at  all  frequencies 
over  a  very  broad  band.  To  some  extent  there 
is  not  simultaneity  in  the  case  of  random  noise 


because  truly  instantaneous  frequencies  probably 
are  not  present.  However,  we  have  done  a  good 
deal  of  work  on  this  question  at  the  laboratory 
and  we  have  determined  that,  due  to  the  mechan¬ 
ical  structure  of  the  tubes,  before  the  transients 
generated  at  a  frequency  at  a  given  moment 
have  time  to  die  down  appreciably,  the  rest  of 
the  spectrum  of  the  random  noise  comes  into 
the  picture.  So  in  effect  it  is  very  close  to 
simultaneity. 


* 
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Speaking  of  the  systems  only,  I  would  like 
to  point  out  for  impulse  over  the  random  excita¬ 
tion,  the  simplicity  of  the  equipment,  repeata¬ 
bility  and  reproducibility,  You  have  a  high 
degree  of  reproducibility  with  no  necessity  for 
calibration , by  accelerometer,  etc.,  because  of 
the  nature  of  the  instrument.  You  have  objectiv¬ 
ity  of  decision  by  means  of  a  very  simple 
thyratron  circuit;  and  finally  there  is  the  dif¬ 
ference  of  expense  between  the  two  systems. 

As  far  as  I  am  concerned  I  believe  that 
random  noise  has  its  greatest  application  when 
you  are  going  in  for  fatigue  excitation  rather 
than  when  you  are  trying  to  get  a  picture  of  the 
tube  output  at  a  given  instant.  With  random- 
noise  excitation' you  get  an  averaging  effect  over 
time  for  one  thing,  a  good  measure  of  repeata¬ 
bility,  and  finally  you  can  put  a  large  number 
of  tubes  in  the  machine  simultaneously. 

Bondley:  Do  you  have  anything  to  add  to  this, 
Mr.  Stinchfield? 

Stinchfield,  Diamond  Ordnance  Fuze  Labora¬ 
tories:  Yes.  I  believe  that  the  impulse- 
excitation  method  is  a  good  one  and  certainly 
an  improvement  over  the  old  40-  or  60- cycle 
generator.  It  is  a  big  step  forward  because  it 
excites  all  frequencies  simultaneously  and  gives 
you  wide  spectra,  and  I  should  emphasize  that 
in  our  work  we  found  we  had  to  have  a  lot  of  high 
frequencies  to  get  a  really  good  test. 

Now  this  impulse  excitation  is  relatively 
simple.  You  have  got  a  lot  of  different  kinds 


of  tubes  to  test.  You  must  have  relatively 
simple  apparatus  for  testing.  It  has  some 
limitations  certainly.  In  our  work,  as  Mr. 
Dorrell  indicated,  we  used  hand  tapping  in  order 
to  get  some  of  these  results,  but  it  wasn't  a 
satisfactory  test  certainly,  and  in  our  actual 
tests,  we  have  a  steady  vibration.  We  believe 
that  white  noise  is  the  best  way  of  doing  it.  In 
fact,  we  find  it  a  good  way  of  making  the  tests. 
The  impulse  excitation  would  not  tap  the  tube 
at  the  right  time. 

The  white  noise  excitation  is  there  all  of 
the  time.  When  the  filament  drifts  through  a 
range  f  frequency  which  milst  coincide  or 
approacn  another  resonant  element  in  the  tube 
to  make  noise  in  the  passband  of  our  circuit, 
you  have  to  tap  it  at  just  the  right  moment. 
With  white  noise  the  excitation  is  there  all  of 
the  time. 

So  we  couldn't  get  satisfactory  results  by 
impulse  testing,  but  that  doesn't  say  it  isn't  a 
good  method  for  general  testing. 

Wohl:  May  I  add  one  point  in  comparison  of 
these  two  systems  ?  We  have  applied  the  tapper 
device  to  receiving  tubes  and  good-sized  trans¬ 
mitting  tubes.  Equipment  today  is  not  available 
to  give  random-noise  excitation  to  anything 
except  fairly  light  loads  and  that,  of  course,  I 
think,  is  another  advantage  of  the  impulse 
excitation. 


*  *  * 


MEASUREMENT  AND  EVALUATION  OF  ACCELERATION 
IMPARTED  TO  ELECTRON  TUBES  IN 

ELECTRONIC  EQUIPMENT  - - 

O.  A.  Biamonte,  SCEL,  and  A.  W.  Orlacchio,  Gulton  Mfg.  Co. 


A  new  test  system  has  been  developed  which  measures  acceleration  at 
tube  socket  locations  on  military  equipment.  Election  tubes  are  rer 
placed  by  tri -directional  accelerometers  approximately,  their  size, 
shape,  and  weight.  Acceleration  levels  are  automatically  recorded. 


INTRODUCTION 
Historical  and  Purpose 

Several  years  ago,  the  Signal  Corps  Engi¬ 
neering  Laboratories  embarked  on  a  program 
of  Electron  Tube  Reliability.  One  phase  of  this 
program,  included  as  part  of  the  technical  re¬ 
quirements  for  equipment  designers,  a  chart, 
known  as  the  516  forms.  These  charts  are  en¬ 
titled,  "A  Summary  of  Electron  Tube  Operating 
Conditions."  The  summary  chart  is  a  complete 
tabulation  of  all  operating  characteristics  and 
potentials  measured  at  each  socket  location  for 
each  electron  tube  used  in  the  specific  equip¬ 
ment.  Among  other  things,  it  requires  that  the 
environmental  condition— that  is— the  peak  accel¬ 
eration  at  each  socket  location  be  tabulated  for 
the  lateral  and  longitudinal  planes  when  the 
equipment  is  subjected  to  the  "black  box"  envi¬ 
ronment  specification. 

It  was  felt  that  data  regarding  the  environ¬ 
ment  at  socket  locations  resulting  from  trans- 
missibility  would  possibly  reveal: 

•  Inadequate  tube  specifications, 

•  Poor  mechanical  design  of  chassis, 

•  A  combination  of  both  thereby  masking  the 
real  electron  tube  problems. 


The  use  of  the  516  forms  went  into  effect  at 
SCEL  early  in  1953  and  it  has  been  found  to  be 
a  useful  tool  with  regard  to  detecting  faulty  cir¬ 
cuits  and  misapplication  of  electron  tubes  prior 
to  large-scale  production  of  the  specific  equip¬ 
ments.  Unfortunately,  the  requirement  for  the 
accumulation  of  data  for  the  environmental  col¬ 
umns  was  waived  because  of  the  lack  of  the 
proper  measuring  equipment.  For  this  reason, 
the  equipment  about  to  be  described  was  devel¬ 
oped  under  the  sponsorship  of  the  Signal  Corps. 

General  Description 

In  general  the  equipment  consists  of  sensing 
elements,  an  automatic  sampling  selector,  multi¬ 
channel  amplifiers,  and  recorders.  Provisions 
are  made  for  monitoring  the  output  of  the  accel¬ 
erometers  directly  for  analysis  purposes.  Be¬ 
fore  going  into  further  detail  of  the  equipment, 
and  to  be  in  line  with  the  theme  of  this  sym¬ 
posium,  I  should  like  to  say  that  we  in  the  Elec¬ 
tron  Devices  Division  of  SCEL  utilize  a  package 
tester  as  a  Laboratory  simulator  for  vehicular 
or  transportation  environments.  The  environ¬ 
ment  can  best  be  described  by  visualizing  a  jeep 
jogging  along  a  rough  terrain.  It  is  a  random 
shock  and  vibration  with  frequency  components 
up  to  2,000  cps. 

The  package  tester  (Figure  1)  depicts  the 
entire  test  system  to  be  described.  The  test 
system  can  be  seen  to  contain: 
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Figure  1  -  Test  system  used  on  SCEL  program  -  electron  tube  reliability 
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•  The  sensing  elements, 

•  The  automatic  sampling  selector,  which 
contains  the  cathode  followers  for  matching 
of  impedances, 

•  The  electronic  instrumentation  which  in¬ 
cludes  the  multichannel  amplifiers,  filter 
networks,  recorders  and  power  supplies. 

Figure  2  shows  the  test  system  used  to  record 
the  amplitude  of  vibration  at  socket  locations 
resulting  from  a  single-frequency  vibration 
specification  requirement.  Incidentally,  should  it 
be  desired  to  measure  the  environment  at  socket 
locations  resulting  from  variable-frequency 
vibration  specification,  all  that  need  be  done  is 
to  synchronize  the  sampling  selector  time  with 
the  variable-frequency  cycle  time. 

The  test  system  as  designed  is  ideal  for 
making  socket  location  measurement  by  using 
the  vibration  equipment  excited  by  random, 
white-noise  specification  requirements. 


DETAILS  OF  EQUIPMENT 
Over-all  Design 

A  block  diagram  of  the  test  system  is  shown  in 
Figure  3.  The  diagram  shows  the  accelerometers 


with  their  outputs  connected  to  the  sampling 
selector.  The  signals  then  go  from  the  sampling 
selector  to  the  filter  network  and  then  to  the 
lateral  and  longitudinal  amplifier  channel,  which 
include  peak  detectors,  and  then  to  the  recorders. 

The  test  system  is  capable  of  recording  the 
outputs  of  80  accelerometers  each  of  which  have 
two  outputs  recorded.  The  total  time  for  record¬ 
ing  the  160  output  is  ten  minutes. 


Accelerometers 

At  the  time  of  the  conception  of  the  new  test 
set,  the  Signal  Corps  requirements  for  the 
sensing  element  included  omnidirectional  accel¬ 
erometers  simulating  electron  tubes  in  form 
and  weight.  During  the  progress  of  the  develop¬ 
ment,  the  omnidirection  approach  for  the  sens¬ 
ing  element  was  abandoned  and  replaced  by 
utilizing  three  mutually  perpendicular  seismic 
elements  in  each  accelerometer  housing  and 
each  of  those  has  its  maximum  sensitivity  in 
one  of  the  x,  y,  or  z  direction  of  a  cartesian 
coordinate  system. 

The  i  axis  in  this  case  is  along  the  longitu¬ 
dinal  axis  of  the  tube-like  accelerometer.  The 
x  and  y  axes  are  located  in  lateral  plane  of  the 
tube-like  accelerometer.  The  accelerometers 
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are  designed  to  conform  to  electron  tube  types, 
T-2x3,  T-3,  T-5-1/2,  T-6-1/2,  and  T-9's. 
There  are  two  general  types  of  accelerometers, 
those  having  their  outputs  coupled  to  coaxial 
connectors,  and  those  having  their  outputs  cou¬ 
pled  through  the  pins  of  the  simulated  tube 
accelerometers.  The  two  groups  of  five  types 
of  accelerometers  were  selected  for  adaptability 
to  all  types  of  chassis  design.  Figure  4  shows  the 
two  groups  of  various  types  of  accelerometers. 


Accelerometer  Characteristics  and  Padding 

Condensers 

The  accelerometers  are  individually  cali¬ 
brated  from  20  to  1,000  cps  with  an  accuracy  of 
5  percent.  However,  since  it  is  not  feasible  in 
production  to  control  equal  sensitivity  for  each 
seismic  element,  appropriate  padding  con¬ 
densers  are  supplied,  which  when  properly 
matched,  bring  the  normal  sensitivity  of  each 
element  down  to  2  m  u/g.  A  coding  system  is 
employed  wherein  the  appropriate  numbered 
padding  condenser  is  matched  to  the  similar 
number  engraved  on  the  x,  y,  or  z  output  of  each 
accelerometer.  The  electromechanical  charac¬ 
teristics  of  the  accelerometers  are  shown  in 
Table  1. 


TABLE  1 

Electromechanical  Characteristics  of 
Accelerometers 


Accelerometer 

Equivalent  Electron 
Tube 

T9 

43.5  gms. 

T9 

35  gms. 

T9C 

44  gms. 

T6-1/2 

16  gms. 

T6-1/2 

10  gms. 

T6-1/2C 

16.5  gms. 

T5-1/2 

13.2  gms. 

T5-1/2 

9  gms. 

T5-1/2C 

13.6  gms. 

T3 

4.3  gms. 

T3 

3.5  gms. 

T3C 

5  gms.  w/o 

cable 

T2x3 

4.1  gms. 

T2x3 

3.5  gms. 

T2x3C 

5.3  gms.  w/o 

cable 

Sensitivity  of  all  elements:  2  mv/g  (with appro¬ 
priate  shunt  capacitors) 

Resonant  frequency  of  all  elements:  15,000  cps. 
Capacitance:  greater  than  1,000  mmfd 
Useful  frequency  range:  3  -  5,000  cps 
Acceleration  range:  1  -  200  g 
Max.  lateral  sensitivity:  less  than  10  percent 
Armatures:  3  mutually  perpendicular  outputs 
in  one  housing 

Seismic  movement:  bender  type  of  elements 


Figure  4  -  Types  of  accelerometers  used  in  test  set 


Recording  System 

The  recording  instrumentation  consists  of 
the  automatic- selector  filters  and  attenuators, 
lateral-  and  longitudinal-amplifier  channels, 
and  the  peak  recorders. 

The  automatic- sampling  selector  has  two 
main  functions;  first,  the  successive  selection 
of  inputs;  and  second,  for  the  necessary  imped¬ 
ance  matching  between  the  accelerometers  and 
the  following  instrumentation. 

The  selector  consists  of  an  input  panel  which 
has  two  connectors  for  each  seismic  element 
input  ora  total  of  six  connectors  for  each  accel¬ 
erometer.  The  two  pair  of  three  inputs  for 
each  accelerometer  are  marked  x,  y,  and  z  and 
Xj,  ylt  and  Zy  respectively;  these  are  con¬ 
nected  in  parallel  internally.  The  x,  y  and  z 
connectors  are  for  the  cabling  from  one  accel¬ 
erometer  and  the  xx>  y1(  and  zx  connectors  are 
for  the  corresponding  padding  condensers  pre¬ 
viously  mentioned.  In  the  automatic  cycling 
arrangement,  the  switch  has  six  10-position 
sections  which  are  grouped  in  pairs.  In  each 
pair  there  is  one  section  which  connects  the 
outputs  of  one  accelerometer  at  a  time  to  the 
cathode  followers  and  grounds  all  other  connec¬ 
tions.  The  switch  is  driven  automatically  and 
switches  each  minute  by  using  a  ledex  solenoid 
which  is  progressively  stepped  by  a  cam  switch. 

The  filter  networks  consist  of  three  units, 
one  for  the  longitudinal  input  and  two  for  the 
lateral  input.  Each  unit  has  a  2-kc  filter,  a  5- 
kc  filter,  and  a  6-db  attenuator.  Anyone  of 
these  filters  or  attenuators  can  be  switched  into 
the  circuit  manually. 

The  main  components  of  the  longitudinal 
channel  are  an  amplifier  and  a  peak  detector. 
In  the  amplifier  it  is  possible  to  change  the  gain 
by  use  of  a  voltage  divider.  This  permits  the 
selection  of  a  unit  to  have  full-scale  sensitivity 
of  either  2,  5,  20,  50,  or  100  g.  Following  these 
amplifiers  there  is  a  double  diode  which  operates 
as  a  peak  detector —one  indicating  positive  peaks, 
the  other  indicating  negative  peaks.  The  mag¬ 
nitude  of  all  peaks  are  recorded. 


The  lateral  channel  has  fundamentally  the 
same  operation  as  the  longitudinal  channel. 
However,  following  the  amplifier,  which  is 
similar  to  the  one  used  in  the  longitudinal  chan¬ 
nel,  there  is  a  vector  adder,  wherein  the  two 
incoming  signals,  that  is  the  x  and  y  signals 
from  the  accelerometers,  are  fed  into  phase 
splitters.  The  four  output  signals  from  this 
circuitry  are  then  modulated,  each  in  a  separate 
modulator  tube,  with  a  three-  megacycle  carrier. 
The  outputs  of  the  four  modulators  are  added 
across  the  common  impedance  with  proper  phas¬ 
ing  adjusted  in  a  three- section  delay  line,  each 
shifting  the  signal  by  90  degrees.  The  final 
output  modulator  is  amplified  and  fed  to  the 
peak  detector  circuit. 

The  longitudinal  and  lateral  channels  include 
a  matching  stage  for  the  driver  amplifier 
and  recorder  which  are  standard  Sanborn 
equipments. 

Provision  is  made  for  monitoring  individual 
filtered  outputs  of  the  seismic  elements  of  any 
accelerometer.  This  permits  the  gathering  of 
data,  which  can  be  put  on  tap,  and  when  proc¬ 
essed  can  give  a  frequency-versus-amplitude 
analysis  at  a  specific  socket  location. 


CONCLUSION 


The  two  important  features  in  the  development 
of  the  system  described  have  been  the  design  of 
subminiature  accelerometers  containing  three 
seismic  elements  and  the  development  of  equip¬ 
ment  to  add  two  orthogonal  signals.  Throughout 
this  development  it  has  been  our  aim  to  furnish 
a  test  system  capable  of  accurate  and  rapid 
measurements  and  yet  provide  these  measure¬ 
ments  without  the  use  of  instrumentation  special¬ 
ists  for  actual  operation. 

This  equipment  has  been  under  evaluation  at 
SCEL  for  several  months.  While  it  is  not  yet 
used  in  the  field  or  by  equipment  manufacturers, 
it  promises  to  be  a  useful  tool  for  the  evaluation 
of  shock  and  vibration  problems  regarding  elec¬ 
tron  tubes  and  electronic  chassis  design. 


SIGNIFICANCE  OF  VIBRATION  AGING 
REVIEWED  AND  ANALYZED 


R.  S.  Whitlock,  Wright  Air  Development  Center 


Certain  experimental  results  obtained  at  WADC  and  by  other  investi¬ 
gators,  concerning  the  effects  of  vibration  aging,  are  presented  and 
reviewed.  The  general  experience  indicates,  with  few  exceptions,  that 
the  user  obtains  no  discernible  benefit  from  post-manufacturing  tube 
treatments  such  as  aging. 
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Experimental  results  obtained  by  the  Wright 
Air  Development  Center  and  by  others  are  dis¬ 
cussed  in  this  paper.  In  particular,  attention  is 
directed  to  results  which  are  indicative  of  the 
effects  that  can  be  expected  from  vibration  when 
applied  as  a  part  of  electron- tube  aging  proce¬ 
dures.  By  aging  procedures  I  mean  the  various 
processes  which  involve  the  operation  of  tubes 
under  some  defined  set  of  conditions  for  some 
arbitrarily  chosen  period. 

Experience  shows  that  tubes  taken  from 
stock  and  put  into  service  will  exhibit  a  number 
of  early  failures.  Many  times  the  environment 
in  which  tubes  operate  is  such  that  mechanical 
excitation  is  present.  Because  the  rigor  of 
production  quality  control  varies  across  the 
industry,  tubes  with  poor  mechanical  properties 
find  their  way  into  stock.  These  are  the  tubes 
which  frequently  exhibit  early-life  field  failures. 

It  has  been  assumed,  by  some,  that  if  tubes 
were  mechanically  vibrated  under  cycled  elec¬ 
trical  operating  conditions  prior  to  use,  these 
potential  failures  would  be  disclosed,  and  if 
failed  tubes  are  eliminated,  the  residue  would 
contain  only  reliable  long-life  tubes.  It  has  been 
further  assumed  that  this  will  bring  a  stabilizing 
effect  on  tube  characteristics.  The  validity  of 
these  assumptions  is  certainly  open  to  question 
and  the  assumptions  are  suspected  of  over¬ 
optimism.  Such  procedures  when  applied  by  the 
tube  manufacturer  are  a  necessary  and  legiti¬ 
mate  part  of  the  manufacturing  process.  When 
applied  by  the  tube  user,  subsequent  to  his 


receipt  of  incoming  material,  they  are  open  to 
certain  objections. 

To  forestall  a  possible  misconception,  I  would 
like  to  assure  you  that  those  of  us  who  are,  in 
one  way  or  another,  responsible  for  electron 
tubes  in  the  Air  Force  are  not  fundamentally 
opposed  to  special  tube  treatments.  We  do  feel 
that  it  is  necessary  to  know,  as  completely  as 
possible,  just  what  we  are  doing.  It  is  for  this 
reason,  since  we  have  seen  no  adequate  support¬ 
ing  evidence,  that  we  have  discouraged  such 
practices,  and  must  continue  this  opposition 
until  admissible  evidence  is  adduced  to  show 
their  worth.  To  us  this  means  data  from  con¬ 
trolled  experiments,  sufficient  to  show:  first, 
that  a  benefit  followed  the  treatment  and  second, 
that  statistically  there  is  little  likelihood  that 
the  benefit  was  due  to  chance. 

When  one  is  under  pressures  to  produce 
results  rather  than  to  verify  causes,  and  this  is 
more  often  than  not  the  case,  there  is  a  tendency 
to  assign  cause  and  effect  relationships  in  cases 
where  the  most  that  could  safely  be  said  is— it 
appears  that  an  association  exists.  That  the 
association  may  be  entirely  fortuitous  frequently 
is  overlooked.  We  are  in  trouble,  we  do  some¬ 
thing  (whether  by  intent  or  accident)  and  having 
done  it,  we  observe  that  a  condition  favorable  to 
our  purpose  prevails.  It  is  possible  that  this 
thing  we  did  will  be  adopted,  without  further 
investigation,  as  standard  operating  procedure. 
In  what  follows,  I  have  used  such  terms  as  aging 
procedures,  buin-in,  and  stabilization  period 
interchangeably! 
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In  1951  to  1953  the  Air  Force  was  engaged  in 
just  such  an  enterprise.  We  were  issuing  tubes 
from  stock,  giving  them  a  test,  burn-in,  retest 
treatment  and  installing  this  supposedly  im¬ 
proved  material  in  equipment  sockets.  By  1953 
we  were  questioning  the  wisdom  of  this  proce¬ 
dure,  questioning  what,  if  any,  benefits  were 
resulting  from  the  practice.  What  were  we 
buying? 

To  answer  these  questions  a  controlled  ex¬ 
periment  was  designed,  equipment  was  installed 
at  two  Air  Force  activities:  Gentile  AFD, 
Dayton,  Ohio,  and  Kelly  AFB,  San  Antonio, 
Texas.  Over  approximately  a  six- month  period 
a  total  of  35,000  tubes  representing  seven  types 
were  processed  between  the  two  activities.  The 
aim  of  the  experiment  was  to  evaluate  the  effect 
of  a  particular  treatment  on  material  which  had 
been  delivered  by  the  supplier.  There  was  no 
intention  of  evaluating  the  material  as  such. 
The  experiment  was  designed  accordingly.  The 
electrical  conditions  were  the  test  conditions  of 
the  applicable  specification. 

The  conditions  of  vibration  imposed  on  cer¬ 
tain  test  groups  were:  mechanical  excitation 
frequency  30  cps,  acceleration  level  between 
1.5  and  2  g,  and  rack  time  48  hours.  Operating 
voltages  were  cycled  50  minutes  on  10  minutes 
off. 

Tubes  of  each  type  were  selected  to  repre¬ 
sent  each  manufacturer  and  to  give  a  good  cross 
section  of  production  dates.  Tubes  were  in 
every  case  drawn  from  stock  in  unopened  carton 
lots  of  single-date  code  material,  to  secure 
homogeneous  material.  Each  carton  of  200  tubes 
was  broken  into  four  test  groups.  These  were 
treated  as  follows: 

All  groups  but  one  were  electrically  tested 
to  the  requirements  of  the  applicable  specifica¬ 
tion,  the  rejects  from  each  group  were  discarded 
and  replaced  by  acceptable  units  from  the  same 
carton.  One  tested  group  was  placed  in  shelf 
storage,  one  was  burned  without  vibration,  two 
were  burned  with  vibration,  one  of  these  being 
the  group  which  received  no  initial  electrical 
test.  At  the  end  of  the  processing  period  all 
tubes  were  electrically  tested  to  the  specifica¬ 
tion.  The  resulting  data  were  analyzed.  Con¬ 
clusions  drawn  from  the  results  of  the  analysis 
were: 

1.  No  significant  differences  exist  among 
double  testing,  burning,  and  burning  with 
reference  to  "detriments,"  i.e.,  shorts, 
opens,  and  interelectrode  leakage  in  elec¬ 
tron  tubes. 


2.  A  small  but  statistically  significant  dif¬ 
ference  exists  between  double-testing 
and  burning  or  between  double-testing  and 
burning  with  vibration  as  to  "character¬ 
istic"  faults  (plate  current,  screen  cur¬ 
rent,  emission,  and  transconductance). 

3.  No  significant  difference  exists  in  any 
case  between  burning  and  burning  with 
vibration. 

4.  For  the  entire  test,  involving  35,000  tubes, 
there  is  no  significant  difference  between 
out-of-the-box  testing  and  testing  after 
burning  with  vibration.  In  the  individual 
reject  categories,  this  comparison  reveals 
a  difference  in  lb  balance  rejects,  but 
this  is  small  compared  to  the  over-all 
percentage. 

The  experience  of  others  may  now  be  re¬ 
viewed.  The  Lansdale  Tube  Co.  examined  its 
data  from  the  manufacture  of  6100  CT  tubes 
produced  in  the  periods  15  November  to  14  De¬ 
cember  1951  and  15  May  to  13  June  1952.  These 
tubes  were  given  two  successive  46-hour,  cycled- 
voltage  stabilization  periods.  During  the  second 
of  these  periods,  the  tubes  were  vibrated  at  30 
cps  2  g.  The  tubes  were  tested  for  opens  and 
shorts.  A  far  greater  number  of  failures  was 
found  after  the  first  46-hour  stabilization  than 
was  found  after  the  second  vibration,  period. 
The  investigators  concluded  that  vibration  dur¬ 
ing  stabilization  had  little  or  no  value. 

The  International  Business  Machines  Corp. 
examined  23,314  tubes  of  various  types.  They 
constituted  a  sample  from  manufacturers  pro¬ 
duction  lots  totaling  303,152  tubes  (before  any 
defectives  were  eliminated).  A  vibration  stabili¬ 
zation  procedure,  consisting  of  30  cps,  lg  vibra¬ 
tion  for  46  hours,  during  which  time  the  oper¬ 
ating  voltages  on  the  tubes  were  cycled,  was 
applied  by  IBM.  The  results  were  compared 
with  the  tube  manufacturers  pre- delivery  data. 
It  should  be  observed  that  this  was  an  uncon¬ 
trolled  test  in  that  there  was  no  knowledge  of 
the  correlation  existing  between  the  IBM  test 
methods  and  those  employed  by  the  tube  manu¬ 
facturer.  There  was  also  an  intermediate  ship¬ 
ping  and  handling  treatment  involved.  This 
work  is  reported  in  some  detail  in  Technical 
Report  NE-091105  dated  10  March  1954,  pre¬ 
pared  by  the  Material  Laboratory,  New  York 
Naval  Shipyard,  Brooklyn  1,  N.  Y.  The  conclu¬ 
sion  drawn  was  that  the  contribution  of  vibra¬ 
tion  to  the  weeding  out  of  defective  tubes  was 
negligible. 
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In  a  Hytron  Radio  and  Electronics  Co.  unpub¬ 
lished  report  by  E.  K.  Wimpy  and  E.  P.  Laffie, 
dated  17  March  1953  the  following  appears: 

"The  Quality  Control  Department  at  CBS- 
Hytron,  in  conjunction  with  the  Engineering 
Department,  designed  a  series  of  experiments 
on  tube  types  6099/CT  and  6AK5,  manufactured 
at  our  Salem,  Massachusetts  Plant.  The  pur¬ 
pose  of  these  experiments  was  to  determine  if 
we  could  detect  any  practical  difference  in  the 
number  of  'inoperable'  tubes  detected  when  they 
were  subjected  to  'burn-in',  or  simply  to  re¬ 
peated  tests  without  :rn-in'. 

"We  have  concluded  from  the  results  of  our 
experiments,  that  there  is  no  practical  differ¬ 
ence  in  the  percentage  of  'inoperable'  tubes  for 
types  6AK5  and  6099/ CT,  found  by  testing— burn- 
in— testing,  etc.,  or  just  by  testing— placing  on 
shelf— testing,  etc." 

On  12  September  1955  the  Eclipse  Pioneer 
Division  of  Bendix  Aviation  Corp.,  Teterboro, 
N.  J.,  wrote  to  the  Electron  Tube  Subcommittee 
of  AIA,  in  part  as  follows: 

"The  following  is  an  abstract  of  a  report  on 
the  effects  of  vibration  aging  of  certain  vacuum 
tubes.  The  data  for  the  report  was  obtained  by 
Bendix  Red  Bank. 

"1.  Samples  Investigated: 

A  sample  of  600  of  each  of  seven  receiv¬ 
ing  types  was  taken  at  random  from  stock 

5654  6X4  12AT7 

5670  5903  6AQ5 

TD-9  (Bendix  Regulator) 

One-half  of  each  sample  was  set  aside 
as  a  control,  the  other  half  was  subjected 
to  a  46-hour  aging,  with  power  cycling 
and  vibration  at  1G. 

"2.  Experimental  Procedure: 

a.  Test  to  MIL-E-1B  Standard(all tubes). 

b.  Vibration  age  for  46  hours  (experi¬ 
mental  lot). 

c.  Retest  all  tubes. 

d.  Store  all  tubes  24  hours. 

e.  Retest  all  tubes. 

f.  Vibrate  all  survivors  of  two  types 
(5654  and  6AQ5)  at  2.5G  for  46  hours 
with  cycled  operating  voltage. 


g.  Test  tubes  processed  according  to 
(f)  above. 

"In  general,  the  conclusions  from  the  statis¬ 
tical  data  taken  are: 

1.  No  significance  in  reliability  can  be  at¬ 
tributed  to  the  vibration  aging. 

2.  The  significant  improvement  can  be  at¬ 
tributed  to  the  effects  of  repeated  testing. " 

When  the  equipment  manufacturer  under¬ 
takes  aging  procedures  his  objectives  are  with¬ 
out  exception  laudable  and  not  open  to  criticism. 
He  is  working  to  attain  very  desirable  end- 
results  which  are:  first,  improved  electrical 
stability  of  tubes  and  second,  the  removal  of 
potential  early  life  tube  failures.  The  attain¬ 
ment  of  these  results  is  certainly  suspect  and 
the  procedure  is  open  to  the  following  objec¬ 
tions,  each  of  which  must  be  refuted. 

1.  It  can  easily  obscure  or  disguise  the  real 
source  of  difficulty.  It  may  thus  become 
a  "catch-all"  for  wishful  attempts  to 
eliminate  many  non-related  problems. 

2.  Because  of  the  elaborate  extremes  to 
which  it  can  be  carried,  it  easily  becomes 
an  end  in  itself  and  may  not  be  employed 
as  a  means  of  predicting  equipment  reli¬ 
ability.  (It  is  separated  from  its  only 
useful  relationship— to  equipment  reli¬ 
ability.) 

3.  It  is  not  a  suitable  adjunct  to  a  production 
program  because  of  its  high  cost  and  time 
consuming  nature. 

4.  It  leads  an  equipment  manufacturer  into 
a  false  feeling  of  security  because: 

a.  He  has  no  assurance  that  the  tubes 
after  processing,  and  in  any  given  in¬ 
terval  of  operating  time,  will  have 
either  as  low  an  inoperative  failure 
rate  or  will  be  as  stable  electrically 
as  was  observed  during  the  processing 
period,  or  indeed  as  might  have  been 
observed  prior  to  processing. 

b.  He  can  easily  damage  the  tubes  elec¬ 
trically  during  the  processing  opera¬ 
tion.  This  also  is  another  "handling" 
procedure  that  has  been  shown  by 
Aeronautical  Radio,  Inc.  to  be  detri¬ 
mental  from  the  standpoint  of  mechan¬ 
ical  quality. 
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In  view  of  the  evidence  which  has  been 
brought  forward  to  date,  I  would  recommend,  and 
this  is  a  purely  personal  recommendation,  that: 

1.  Tube  processing  should  be  performed 
only  by  the  tube  manufacturer.  In  addi¬ 
tion  to  its  questionable  value  when  per¬ 
formed  by  others  it  leads  to  tube  selec¬ 
tion  in  the  field  and  a  consequent  military 
supply  problem. 

2.  From  the  equipment  performance  require¬ 
ments,  the  contingent  tube  performance 


necessary  for  satisfactory  equipment 
operation  must  be  determined.  The  tol¬ 
erances  on  tube  stability  that  are  neces¬ 
sary  must  be  specified  as  must  the  tube 
mechanical-failure  rate  that  can  be  tol¬ 
erated.  These  factors  can  be  measured 
and  can  be  specified  in  tube  acceptance 
specifications.  They  obviously  apply 
throughout  the  expected  tube  life.  A  post¬ 
manufacturing  processing  procedure,  as 
such,  gives  no  assurance  of  what  will 
happen  during  the  normal  tube  life. 
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